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Summary 
Th is  r epo r t  descr ines NBS work f o r  NASA i n  support o f  NASA's M i  c rograv i  t y  
Science and App l i ca t ions  Program under NASA Government Order H-279548 
(Proper t ies  of E l e c t r o n i c  Ma te r i a l s )  cover ing  t h e  pe r i od  Ap r i  1 1, 1983 t o  
March 31, 1984. This work i s  be ing c a r r i e d  out i n  t h ree  independent tasks:  
Task 1. Surface Tensions and T h e i r  ;:riations w i t h  Temperature and 
Impu r i t i e s  
Task 2. Convection Dur ing  Uni d i  r e c t i c n a l  Sol i d i  f i c a t i o n  
Task 3. Measurement o f  H i  gh Tenperature Thermodynamic Proper t ies  
The r e s u l t s  f o r  each task are given separate ly  i n  t h e  body of t he  repor t .  
With t h e  advent of t h e  Space Shu t t le  and t h e  acconpanying a v a i l a b i l i t y  
of space f l i g h t  oppor tun i t i es ,  i t  may become feas ib l e  t o  e x p l o t t  t h e  unique 
~ ~ i i c r o g r a v i t y  environment o f  space f l i g h t  t o  produce inproved ma te r i a l s  and 
i mpnoved nteasurements o f  impor tant  mater i  a1 s p roper t ies .  Reduction 
o f  cof ivect ion and enhanced c a p a b i l i t i e s  f o r  con ta iner less  processing s r e  
two advantages f requent ly  c i t e d  f o r  ma te r i a l s  processing i n  space. Both o f  
these t o p i c s  are considered i n  the  cu r ren t  work. Tasks 1 and 2 a re  d i r e c t e d  
toward determin ing how t he  reduced g r a v i t y  obtained i n  space f l i g h t  can 
a f f e c t  canvect icn and s o l i d i f i c a t i o n  processes. Enphas's i n  Task 3 i s  on 
development o f  l e v i t a t i o n  and cont, inerl-ss p r o c e s s i ~ g  techniques which can 
be app l ied  i n  space f l i g h t  t o  p rov ide  thermodynamic measurements o f  r e a c t i v e  
mate r ia l s .  
I n  ma te r i a l s  processing on ear th ,  g r a v i t y  f requent ly  produces dens i ty -  
d r i ven  convect ion,  thereby causing l i q u i d s  t o  be s t i r r e d  as they s o l i d i f y ,  
Th is  s t ;  r r i n g  d i s t u rbs  the  quiescent boundary l aye r  a t  t h e  s o l i d i f y i n g  
i n t e r f a c e  and can be very undes i rab le  if near ly  pe r f ec t  c r y s t a l s  are required. 
For example, i t  creates i n t e r f a c e  i nstab i  1  i t i  es, i ntroduces segregat ion o f  
conponents, and produces c r y s t a l  defects i n  t h e  r e s u l t i n g  so l  i d  n n t e r i  a l .  
These defects  and i nhomogenei t i  es, which a re  p a r t i c u l a r l y  troublesome i n  
e l e c t  r on i  c  techno1 ogy and o ther  advanced t echn i ca l  appl i cat ions,  lri i  ght  be 
avoided i n  mater i  a1 s  produced under m i  c rograv i  t y  cond i t i ons .  D i f f e r e n t  
aspec'; o f  these convect ion prccesses a re  being considered i n  t h e  f i r s t  two 
~ ~ S K S .  Surface tens ion  grad ients  which may be t h e  main source o f  convect ion 
i n  space f l i g h t  experiments a re  t h e  measurement focus i n  Task 1; whereas 
i n t e r a c t i  ons between s o l i d i f i c a t i o n  processes, convect ion e f f e c t s ,  and 
i n t e r f a c e  s t a b i l i t y ,  as in f luenced  by g r a v i t y  and t h e   la^^ thereof ,  are  
under i n v e s t i g a t i o n  i n  Task 2. 
I n  Task 1, measurements are be ing made o f  t h e  surface t e n s i  'n o f  l i q u i d  
s i l i c o n .  S i l i c o n  i s  one o f  t he  most i n p o r t a n t  ma te r i a l s  used i n  e l e c t r o n i c  
technology. Because o f  t h e  need f o r  a  f u l l y  de fec t - f ree  s i l i c o n ,  no t  
readi  l y  ob ta i  nab1 e under e a r t h  -bound cond i t i ons  where g r a v i t y  d r i  ven 
convect ion can be i npo r t an t ,  s i l i c o n  i s  a  major candidate mate r ia l  f o r  
processing i n  space, I n  p lanning such space processing, i t  i s  i npo r t an t  t o  
know the  dependence o f  s i l i c o n  sur face tens ion  9n tenperature and i n p u r i t i e s ,  
p a r t i  cu l  a r l y  oxygen. Surface tens ion  grad ients  produce Marangoni convect1 on 
and may be t h e  main source o f  f l u i d  f l ows  which a f f e c t  s o l i d i f i c a t i o n  
processe5 i n  space. Despite t h e  techno lo3 ica l  i npo r t a r~ce  o f  s i  1  icon,  t h e  
v a r i a t i o n s  o f  i t q  sur face tens ion  w i t h  tenperatures and i n p u r i  t i e s  were 
no t  known p r i o r  t o  i n i t i a t i o n  o f  t he  cu r ren t  work. Since s i l i c o n  i s  very  
r eac t i ve ,  prev ious measurements had been f o r  t h e  most p a r t  non-systematic 
and u n r e l i a b l e .  The cur ren t  s e s s i l e  drop exqeriments have es tab l i shed  
t h a t  t h e  terrperature ( T )  dependence o f  t h e  sur face tens ion  ( y )  i s  g iven 
by dy/dT = -0.28 m ~ / m 2 ~  f o r  l i q u i d  s i l i c o n  i n  an atmosphere of p u r i f i e d  
argon i n  t he  200 degree temperature range above t h e  s i l i c o n  me l t i ng  po in t .  
Experiments are now underway t o  determine what appears t o  be an apprec iab le  
dependence of y and dy/dT on oxygen impu r i t i e s .  
I n  Task 2, convect ive ?henomena which a r i s e  dur ing  d i r e c t i o n a l  
s o l i d i f i c a t i o n  a re  being i nves t i ga ted  by both t h e o r e t i c a l  ca1culat i : is  and 
experiments. D i  r e c t  measurements o f  convect ion and associated s o l i d i f i c a t i o n  
e f fec ts  are bei  ny made dur ing  d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  t ransparent  
mate r ia l s ,  p a r t i c u l a r l y  s u c c i n o n i t r i l e  con ta in ing  small amounts o f  ethanol  ; 
and ca l cu l a t i ons  are being made o f  cocvect ion,  i n t e r f a c e  s t a b i l i t y  and 
i m p u r i t y  segregat ion t h a t  should be expected du r i ng  d i  r e c t i o n a l  s o l i d i f i c a t i o n .  
The experimental observat ions i n  ground-based measurements a t  NBS o f  u n i -  
d i  r e c t i o n a l  upwards s o l i d i f i c a t i o n  o f  succinoni  t r i  l e  con ta in ing  ethanol  
have demonstrated t h a t  convec i i  ve f low plays an i npo r t an t  r o l e  i n  determic i  ng 
the s i t e  a t  which i n t e r f a c i a l  s t a b i l i t i e s  develop. It was a l s o  determined 
t h a t  t he  presence o f  a  vapor bubble a t  t h e  i n t e r f a c e  resu l t ed  i n  v igorous 
convect i  v t .  f low,  induced by surface tens ion  gradients.  D i  r e c t i  onal so l  i d i  f i  - 
c a t i o n  techniques a re  the  lead ing methods proposed f o r  ob ta i n i ng  more 
near l y  de fec t - f  ree mate r ia l s  i n  space. l i  i s  impor tant  i n  p lann ing  such 
processing techniques t o  consider t he  r o i  e  convect ion e f f e c t s ,  i n c l u d i n g  
p rev i ous l y  unexpected e f fec ts  found i o  t h e  present work, cou ld  p l ay  under 
reduced g r a v i t y  cond i t i ons .  7he t h e o r e t i c a l  ca l cu l a t i ons  thus s p e c i f i  ca l  l y  
i nclude determi nat ions o f  the  e f f e c t s  a  reduc t ion  i n  g rav i  t a t  ional  f 2 r ce  
w i  11 have on convection, as w i  11 be i cpo r t an t ,  f o r  exanple, i n  space f l i g h t  
experiments i n  the  MEPHISTO p ro j ec t .  Ca lcu la t ions  have been made o f  t,he 
solu te ,  tenperature,  and f l ow  f i e l d s  a t  constant so l i d i f i ca t i o rm  v e l o c i t y  
t ak i ng  i n t o  account s c l u t e  r e j e c t i o n  a t  t he  s o l i d i f i c a t i o n  in te r face .  This 
s o l u t e  r e j e c t i o n  can s t r ong l y  i n f l uence  convect ion e f f e c t s .  L inear  s t a b i l i t y  
ca l cu l a t i ons  f o r  a  f low p a r a l l e l  t o  a  c r y s t a l - m e l t  i n t e r f a c e  a l s o  have been 
performed. These ca l cu l a t i ons  demonstrated a  coup1 i ng between t,yd~-o4ynami c  
and rnorphol ogi  ca l  i nstab i  1  i t  i es and a re  i n  general agreement w i t h  experiments 
c a r r i e d  out  by Gl icksmai and colleagues. 
I n  Task 3, assistance i s  be ing prov ided t o  a  j o i ~ i t  p r o j e c t  i nvo lv 'ng  
i nbss t i  gators  from Rice Uni v ~ r s i  t y  (? ro fessor  J . Margrave) arrf General 
E l e c t r i c  Co. (Dr. R. T. F r o s t )  i n  which a  Gene,-a1 E l e c t r i c  e lect romagnet ic  
l e v i t a t i o n  device i s  being used t o  develop l e v i  t a t i o n l d r o p  c a l o r i ~ e t r y  
techniques having space f:,ight app l i r ,a t ions,  The c r i t i c a l  advantage of 
szch con ta i  n e r l  ess processing experiment5 i s  t h e  avoidance o f  specimen 
contaminat ion t h a t  ~ o u l d  occur upon contact  o f  a  r e a c t i v e  mats-ial w i t h  
con ta iner  wa l l s  dur ing  hea t ing  and melt ing.  fleasurements o f  t he  s p e c i f i c  
i ~ c a t  o f  tungsten i n  earth-bound experiments :dve  y i e l d e d  some promis ing 
r e s u l t s  and a l so  have a1 lowed eva lua t ion  o f  c e r t a i n  l i m i t a t i o n s  i w o s e d  
by g r a v i t y  i n  such measurements. A number o f  automated techniques be ing 
developed i n  t h i s  work should a l s o  be useful f o r  space f l i g h t  experiments. 
Task 1 
Surface Tensions and Thei r Var ia t ions  w i t h  Terrqerature and I n p u r i t i  es 
S. C.  Hardy 
Metal 1urg.y D i v i s i o n  
Center f o r  Mater i  a1 s  Sci ence 
and 
J. F ine  
Surface Science D i v i s i o n  
Center f o r  Cherni c a l  Physics 
SUMMARY 
The sur face tens ion  o '  m i d  s i l i c o n  has been measured as a  f unc t i on  
of temperature i n  p u r i  fieci ar :  ,n atmospheres us ing  t h e  s e s s i l e  drop technique. 
The measurements show the  sur face tens ion  i s  s e n s i t i v e  t o  low l eve?s  o f  an 
impu r i t y  wki ch i s  probably oxygen. The t! i  ghest sur face tens ion  values 
obtained under cond i t i ons  which minimized t h e  a v g e n  l e v e l s  i n  t h e  apparatus 
are i n  good agreement w i t h  an i s o l a t e d  previous measurement i n  pure hydrogen. 
The s u r f  3ce tens ion  decreases 1 i near ly  w i t h  inc reas ing  tenperature and has 
a temperature c o e f f i c i e n t  o f  -0.28 m ~ l r n z ~ .  
I n t r oduc t i on  
The sur face tens ion  o f  s i l i c o n  and i t s  v a r i a t i o n  w i t h  temperature a re  
no t  known accurate ly .  These data a re  o f  i n t e r e s t  because i t  i s  now thought 
t h a t  sur face tens ion  d r i v i n g  fo rces  c o n t r i b u t e  s i g n i f i c a n t l y  t o  f l u i d  f l ow  
i n  t h e  Czochralski  and f l o a t  zone c r y s t a l  growth o f  s i l i c o n .  F l u i d  f lows 
a r i s i n g  from sur face tensior!; are  r e f e r r e d  t o  as Marangoni o r  thermocapi 11 ary  
flows. They are importar.,': i n  normal g r a v i t y  and a r?  the  dominant type o f  
f l u i d  f l ow i n  low g r a v i t y  space expe i . iwn t s  w i t h  s i l i c o n  f o r  which buoyancy 
convect ion i s  n e g l i g i b l y  small.  Exper-iments i n v a l  v ing  f r e e  l i q u i d  s i l i c o n  
surfaces a re  p resen t l y  be ing developed f o r  f u t u re  space s h u t t l e  f l i g h t s .  
These sur face tens ion  measurements a re  essen t i a l  f o r  proper experimental 
design and eventual q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e  low g r a v i t y  observat ions.  
The d r i v i n g  f o r ce  f o r  Marangoni f l ow  i s  the sur face tens ion  grad ient  
r a t h e r  than t h e  sur face tens ion  i t s e l f .  Thli t h e  f l ow depends ~ e i i s i t 7 ~ . e - - ~  
on t h e  value o f  t h e  sur face tens ion  temperature c o e f f i c i e n t  K = d l / \  
For  s i l i c c n  est imates o f  K range from a p ~ r o x i m a t e l y  -0.1 mJ/m*~ t o  -0.4 ~ J I ~ I ~ K .  
Recent model l ing of t h e  Czochralski  process f o r  s i l i c ~ n  found t h a t  t h i s  
v a r i a t i o n  i n  K gave s i g n i f i c a n t l y  d i  i f e r e n t  f l ac l  pa t t e rns l .  Thus a quan t i -  
t a t i  ve understanding o f  s i  1  i con processing i s  t o  some ex ten t  dependent on 
accurate measurements o f  t h e  tenperature v a r i a t i o n  of t h e  su r face  tension. 
A1 though i t s  h i  $1 me1 t i  ng p o i n t  , vapor pressure and r e a c t i v i t y  c o w l  i cd te  
t h e  experiments, t he  uncer ta in ty  i n  K f o r  s i l i c o n  may be a t t r i b u t e d  l a r g e l y  
t o  t h e  l ack  o f  systemat ic measurements o f  sur face tens ion  over a  temperature 
range. I n  general i t  i s  no t  poss ib le  t o  c a l c u l a t e  K accura te ly  from i s o l a t ~ d  
measurements o f  sur face tens ion  by d i f f e r e n t  techniques o r  even by t h e  same 
technique i n  d i f f e r e n t  labor6 to r ies .  The smal l  systemat ic e r r o r s  i n  t h e  
measurements are usua l l y  l a r g e  enough t o  ohscure t h e  v a r i a t i o n  o f  surface 
tens ion  due t o  temperature. The o r ~ l y  previous measllrement o f  t h e  s i l i c o n  
surface tens ion  over a  temperature range i s  t h a t  o f  Luk in  e t  a12. They 
found K t o  be near -0.1 m ~ / r n 2 ~ .  Although t h i s  i s  . reasonable value, t h e  
dens i t y  v a r i a t i o n  w i t h  temperature used i n  t h e i  r work i s  s i g n i  f i c a n t l y  
d i f f e r e n t  from the  genera l l y  I. .cepted dependence. Thei r r e s u l t s  are discussed 
i n  more de ta i  1  below. 
Experimental 
The surface tens ions i n  t h i s  work were determined us ing  t h e  s e s s i l e  
drop technique. i n i s  method i s  based on a co tya r i son  o f  t h e  p r o f i l e  of a  
l i q u i d  drop w i t h  t h e  p r o f i l e  ca lcu la ted  by so l v i ng  t h e  Young-Laplace equation. 
The corrparisun can be made i n  several  ways; t he  t r a d i t i o n a l  ~ a s h t  ,r';n-~daas3 
procedure has been used here i n  con junct ion w i t h  r ecen t l y  ca lcu la ted  drop 
shape t ab les  which v i  r t u a l  l y  e l im ina te  i n t e r p o l a t i o n  e r ro rs .  
The h i  gh t e w ~ r a t u r e s  requi  red t o  me1 t s i  1  i c o n  a re  generated i n  an 
i n d u c t i v e l y  heated furnace. The s i l i c o n  i s  contained i n  a  shal low cup 
which s t a b i l i z e s  t h e  drop and imposes a c i r c u l a r  cross sec t ion  on t h e  
drop base. The ou ts ide  diameter o f  t he  cup provides t he  l eng th  standard 
requ i red  i n  t h e  data analys is .  The cup and drop a re  a t  t h e  center  of a  
c y l  i n d l  i c a l  susceptor which 1 i e s  along t h e  ax i s  o f  a  quar tz  t ~ i b e .  Th is  
tube connects t h ~ o u g h  an O-ring coupl ing t o  a  vacuum system cons i s t i ng  of 
a  water cooled b a f f l e  and d i f f u s i o n  pump, t r ap ,  forepump, gauges, and 
valves f o r  adm i t t i n y  gases. Quartz windows a t  e i t h e r  end of the tube a1 low 
simultaneous photcgraph;~ and tenperat i j re  measurement o f  t h e  drop w i t h  an 
alltomati c  o p t i c a l  py,rometer. After- window cor rec t ions ,  t h e  temperdture 
read by t he  o p t i c a l  pyrometer or1 s lowly me l t i ng  t h e  sample was w i t h i n  a  few 
degrees o f  t h e  s i  1 i cun me1 t i  ng poi  n t  . 
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The susceptor i s  constructed o f  three concentr ic cy l inders  of molybdenum 
wi tb  an inner cy l ioder  o f  tantalum. The tdntalum l i n e r  has a much lower 
vapor pressure than iil;lybdenum and has been inser ted  t o  reduce the evaporation 
o f  metal onto the  sanple during pre l iminary vacuuin degassing. Several layers 
of z i rcon ia  i nsu la t i on  surround but do not touch the  susceptor. There i s  
no i nd i ca t i on  o f  3ny deconpasition o f  the i n s u i a t i o n  a t  the tenperatures 
used i n  t h i s  work when the  i nsu la t i on  does not touch t'te susceptor. 
The i n d ~ c t i o n  heater has a power r a t i n g  o f  2.5 kW and operates a t  
450 kHz. The sk in  depth a t  t h i s  frequency i s  about 0.06 cm and cct lculat ion 
indicates tha t  about 10% o f  the f i e l d  penetrates the  four l aye r  susceptor, 
However, no di f ference was found i n  measured surface tension values when 
the four  layer  susceptor was reduced t o  three layers. This suggests t h a t  
f i e l d  penetrat ion i s  not  a f f e c t i n g  the  measurements s i g n i f i c a n t l y .  
The choice o f  a cup material  i s  c r i t i c a l  because o f  the  high reac' i v i  t y  
of 1 i qui d s i  1 i cc,, and the  sensi t i  v i  t y  o f  the  surface tension t o  even 1 ow 
bulk concentrations of surface act i t .  L i ! ipur i  t i e s .  Studies o f  the conpati b i  1 i t y  
of 1 i qui d s i  1 i con w i t h  various substances i ndi cated t h a t  boron n i t r i d e  was 
a su i tab le  container because o f  i t s  i nsolubi 1 i t y  i n  1 i q u i d  s i  1 i c o d .  
Although the s i l  icon may acquire some f ree  boron when i n  contact w i th  boron 
n i t r i d e ,  t h i s  should not  introduce serious er rors  i n  surfnce tension measure- 
ments because boron has a higbcr surface tension than s i l i c o n  a3d does not 
surface segregate. The development of a bulk boron concentration i n  the 
s i l i c o n  can measurably increase the surface tension, but only a t  h igh 
concentra:ions2. We have found no change i n  surface tension w i t P  prolonged 
high terqerature contact w i th  the BN cups. We conclude, therefore, t ha t  
boron contami nat ion i s  not appreciably a f fec t i ng  these measurements. The 
s o l i d  s i l i c o n  does not bond t o  the  cups, possibly because of t he  high 
contact angle (~130 '  ) when l i q u i d .  Consequently the  cup i s  not  destroyed 
by differences i n  thermal contract ion on cool ing and may be used f o r  many 
experiments. 
The measurements are made i n  f lowing argon p u r i f i e d  by passage through 
a t i t an ium ge t te r i ng  furnace. The p u r i t y  o f  the  argon has not been measured 
but  the manufacturer claims tha t  oxygen i s  reduced t o  the  10-6 p$m l eve l  
by the  t i t an ium get ter .  Addit ional p u r i f i c a t i o n  o f  the  argon i s  provided 
by the molybdenum susceptor which i s  an e f f i c i e n t  oxygen The 
s i  l i c o n  u s ~ d  i n  t .ese measurements i s  o f  s!'x nines p u r i t y .  The samples are 
cu t  from a l a rge  boule using a carbide wheel and the): ground t o  f i t  the  
cup. The maximum diameter 3 f  the drop3 formed on mel t ing i s  approximately 
1.5 cm. Large drops are desi rable t o  irrprove the  prec is ion  o f  the  mea~urement .~ 
The sess i le  drop techniqve i s  capable o f  h igh l y  accurate surface 
tension measurements7. The po ten t i a l  o f  the technique can be real izzd, 
however, only i f  the  dimensions o f  the  drop p r o f i l e  are measured t o  an 
acchracy o f  a few par ts  i n  104. This requires a lens o f  l a rge  numerical 
aperture t o  obta in s u f f i c i e n t  resolut ion. We use an f15.6 enlarg ing lens 
w i th  a 190 rrm foca l  length i n  conjunct ion w i t h  a 4" x 5" camera body. The 
image o f  t he  drop i s  formed on a ground glass p l a t e  which i s  observed w i t h  
a low power telescope f o r  precise focussing. The drop i s  photographed 
using i t s  own rad ia t i on  on a high contrast,  f i n e  grained f i l m  designed f o r  
graphic a r t s  work. The negatives are exatl.Ined a t  lOOx on a measuring 
microscope fo; analysis. The stage of the micrcscope can be ro ta ted  f o r  
the precise o r i en ta t i on  o f  the negative required i n  the  analysis8. 
I n  the normal experimental procedure the  system i s  evacuated and 
degassed a t  j u s t  below the  s i l i c o n  mej t ing point .  A f t e r  coo l ing  and s t a r t i n g  
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the  argon flow, the  tenperature i s  slowly ra ised t o  the  maximum (-1600°C) 
and the  szss i l e  drop photographed. The power i s  then reduced and the  drop 
photographed agai n when tenperature s tab i  1 i t y  i s  achieved. This procedure 
i s  repeated u n t i  1 the  drop freezes. 
A f te r  cooling, the  s i  1 icon drop i s  removed frcm the  apparatus and 
subjected t o  Auger e lec t ron  spectroscopic analysis.  The only measurable 
i n p u r i t i t s  are carbon and oxygen which i s  t y p i c a l  of samples exposed t o  
atmosphere. This l aye r  i s  eas i l y  removed by argon i o n  sputter ing. Although 
i t  i s  possib le t h a t  the s o l i d i f i c a t i o n  process red i s t r i bu tes  impur i t ies  t o  
areas not accessible t o  the  Auger analysis, we f i n d  no indf  ca t ion  o f  any 
specimen contamination by the  cup o r  susceptor. 
Results and Discussion 
A1 though previous study has found 1 i t t l e  d i f fe rence i n  measurements 
w i t h  pure and oxygen doped s i  1 icon9, there i s  other  evidence suggesting 
t h a t  oxygen i n d i  l u t e  concentrations severely depresses the  surface tension 
o f  s i l i c o n .  Kingery and ~ u m e n i k l o  observed the  surface tension o f  1 i q u i d  
s i l i c o n  t o  increase dramatical ly when the  atmosphere was changed from argon 
t o  hydrogen. This increase i n  surface tension was a t t r i b u t e d  t o  a reduct ion 
of Gxygen a c t i v i t y .  Our measurements a lso  show a st rong s e n s i t i v i t y  t o  
what we bel ieve t o  be a va r ia t i on  i n  oxygen pressure. I n  Figure 1 we show 
t h e  surface tension calculated from a number o f  sess i l e  drops i n  th ree  
d i f f e r e n t  ser ies o f  experiments. Although the  atmosphere i n  a l l  the  experiments 
was nominally u l t r a  pure argon, somewhat d i f f e r e n t  condit ions i n  each group 
o f  measurements produced d i f f e r e n t  concentrations o f  impur i t ies,  Curve 1 , 
t h e  lowest data, r e f l e c t s  the e f fec ts  o f  some atmospheric contamination o f  
the f lowing argon introduced through a small leak i n  the  gas feed l i n e  
between the  ge t te r ing  furnace end the  tube conta in ing t h e  s i l i c o ~ .  I n  
these experiments the  development o f  a ye l low deposit on the  quartz tube 
near the  mclybdenum susceptor and downstream from t h e  argon flow ind ica ted  
oxygen i n  the  system. This deposit i s  most 1 i ke ly  Moog formed by reac t ion  
w i  tn the  susceptor and then sub1 imated5. The intermediate surface tension 
data (curve 11) was obtained i n  ear ly  experiments i n  which the  z i r con ia  
i n s u l a t i o n  was i n  contact w i t h  the  mlybdenum and may have been reduced 
somewhat. Furthermore, the system was not heated dur ing the  pre l iminary 
outgassing procedure. A much l i g h t e r  deposit  than i n  the  previously described 
experiments was formed on the  tube under these condit ions. 
The highest data shwn i n  Figure 1 we bel ieve t o  be f r e e  o f  any s i g n i f i -  
cant depression due t o  oxygen i n  the  system. The measurements were preceded 
by a r igorous vacuum degassing a t  nearly 1400°C. There rlas no detectable 
deposit formation during the  measurement and the  s o l i d i f i e d  s i l i c o n  sanples 
had br igh t ,  smooth m i r ro r  l i k e  surfaces. A l i n e a r  regression analys is  o f  
these data y i e l d s  a K value oi. -0.279 m ~ l d ~ .  The probable e r r o r  i n  K i s  
.004 m ~ / m 2 ~ .  The K values found for  the other  groups o f  data are shawn 
on Figure 1. 
Previous measurements of the surface tension of l i q u i d  s i l i c o n  are 
1 i sted i ri Table 1. These resu l t s  sca t te r  over the  range o f  surface tensions 
observed i n  our work, probably because of var ia t ions  i n  o v g e n  levels .  Our 
high data 1 i e  s l i g h t l y  above tha t  of Kingery and ~ u m e n i k l o  obtained i n  
pure hydrogen which supports our be l i e f  t h a t  t he  concentrat ion o f  oxygen i s  
very low i n  our measurements. We suggest, therefore, the  f o l  law i  ng expression 
f o r  the surface tension o f  clean s i l i c o n  as a func t ion  o f  tenperature: 
y = 885 - 0.28(T - 141 0) 
As mentioned ea r l i e r ,  there has been one previous measurement sf the 
surface tension of s i l i c o n  over a temperature range2. Lukin e t  a1 found 
the surface tension could be represented as 
y = 727 - .1044(T - 1410). 
Thei r  measurements were made using the  sess i l e  drop technique i n  p u r i f i e d  
he1 ium atmospheres. Some of the d i f ference between t h e i r  K value and ours 
can be a t t r i b u t e d  t o  the  use of d i f f e r e n t  densi ty  data i n  t h e  ca l cu la t i on  
of the  surface tension. Lukin e t  a1 determined the density from the volume 
of  the sess i l e  drgps. These measurements found a m c h  smal ler decrease i n  
densi ty  w i th  increasing temperature than the general ly accepted dependence 
of  ~ u c a s l l  which we have used. I f  t h e i r  surface tension values are adjusted 
t o  t h i s  l a t t e r  density scale the  surface tension tenperature coe f f i c i en t  i s  
decreased t o  -0.15 r n ~ / m ~ ~ .  Thus they f i n d  both a surface tension and IKl 
s i g n i f i c a n t l y  lower than t h e  resu l t s  o f  t h i s  work even a f t e r  t he  density 
correct ion.  
The lowering o f  the  surface tension by adsorption of a surface ac t i ve  
component i s  o f ten  acconpanied by a reduct ion i n  the  magnitude o f  K. This 
i s  the case w i t h  s i l i c o n  over t he  range of i n p u r i t y  concentrations encountered 
i n  these measurements. I n  Figure 2 we p l o t  ~ K J  as a funct ion o f  y a t  
t h e  mel t ing  po in t  f o r  t he  data o f  Figure 1 a,~d the  adjusted r e s u l t  o f  
Lukin. The fou r  po in ts  i nd i ca te  an approximately 1 i near va r ia t i on  of K 
w i t h  y f o r  the  condit ions of these experiments. Although the  adjustment 
o f  t he  Lukin data i n t o  accord w i t h  our rer iul ts may be fo r tu i tous ,  t h e i r  low 
surface tensions are very l i k e l y  due t o  s i r face ac t i ve  impur i t ies .  
I n  conclusion, we have measured the  iurface tension o f  l i q u i d  s i l i c o n  
i n  p u r i f ~ e d  drgon atmospheres as a f u n c t i c ~ l  of tenperature. We f i n d  a 
tenperature c o e f f i c i e n t  near -0.28 m ~ / m 2 ~ .  Our experiments show a high 
s e n s i t i v i t y  o f  the surface tension t o  what we bel ieve are low c m c e n t r a t i o ~ s  
$ 
o f  ovgen. Thus we cannot r u l 2  out some ef fect  of low leve ls  o f  ovgen  i n  
our- resu l ts .  However, the highest surface tension values obtained i n 
condi t ions which minimized the residual oxygen pressure are i n  good agreement 
w i th  a previous measurement i n  pure hydrogen. We therefore bel ieve t h a t  
depression of the surface tension by oxygen i s  i n s i g n i f i c a n t  i n  these 
measuremnts. 
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Table 1. Summary o f  previous s i l i c o n  surface tension measuremePts. 
Temperature (OC) 
Figure  1 .  The surface tension o f  s i l i c o n  as a function o f  temperature. 
The surface tension and K var ia t ions  i n  t h e  t h r e e  groups o f  
data  a r e  a t t r i b u t e d  t o  d i f f e r e n t  concentrat ions o f  impur i t i es .  
See t e x t .  
o this work 
Lukin et al. 
Surface Tension (m Jlm2) 
Figure 2. The absolute value of K as a  f unc t i on  o f  t he  sur face tens ion 
a t  t he  me l t i ng  temperature. 
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Convection During Un id i rec t iona l  So i i d i  f i c a t i o n  
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SUMMARY 
During s o l i d i f i c a t i o n  o f  a binary a1 l oy  a t  constant ve loc i t y  v e r t i c a l l y  
upwards, thermosolutal convection can occur i f  the  solute re jec t i on  o r  
p re fe ren t i a l  incorporat ion a t  the  cvystal-melt  i n t e r f a c e  decreases the densi ty  
of the melt. This convection can occur even i n  a microgravi ty  environment, 
though, since i t  i s  bas ica l l y  a g rav i ty  dr iven flow i t  w i l l  be m c h  more 
pronounced i n  earth-bound experiments than i n  space f l i g h t .  A number of 
numeri cal  ca lcu lat ions o f  the  solute, tenperature, and f low f i e l d s  have 
been ca r r i ed  out using previously developed algorithms f o r  Schmidt numbers 
Sc = 1, 10, 81. The time per iod ic  flow, which occurs over a narrow range 
of parameters, has been fu r ther  invest igated. 
Experimental observations o f  the  i n te rac t i on  of flow f i e l d s  w i t h  the  
c rys ta l  -me1 t in te r face  during the  un id i rec t iona l  upward s o l i d i f i c a t i o n  of 
s u c c i n o n i t r i l e  containing ethanol have shown how the  in te r face  shape corre lates 
t o  d i f f e r e n t  f l u i d  f low patterns. Asymmetries i n  t he  thermal environment 
are found t o  play an important role, which i s  dependent upon the c rys ta l  
growth ve loc i ty .  I n  addi t ion,  the presence o f  a vapor bubble a t  the s o l i d -  
l i q u i d  i n te r face  i s  sometimes found t o  i r~duce vigorous convection. 
The general problem o f  the i c t e r a c t i o n  o f  f low f i e l d s  w i th  c r y s t a l -  
melt  in te r faces  has been invest igated by l i n e a r  s t a b i l i t y  ca lcu la t ions  f o r  
Preceding page blank 
the  case of a f low p a r a l l e l  t o  6 crysta l -mel t  in ter face.  This research, i n  
co l labora t ion  w i t h  R. F. Szkerka r , ?  Carnegie-Mellon Un ivers i ty  and M. E. 
G l  i cksman and col leagues a t  Ren%sel?l?r Polytechnic I n s t i t u t e ,  has demnstr..:ed 
a coup1 i ng between nydrodynamic and morphological i nstabi 1 i t i e s .  The 
ca lcu la t ions  are i n  general agreement w l th  experiments ca r r i ed  out  by 
G l  i cksman and col leagues on succ inon i t r i  le. 
I n t r o d u c t i  on 
The general a'm o f  t h i s  task i s  t h e  t h e o r e t i c a l  and experimental 
study o f  t h e  f l u i d  f l ow  and s o l u t e  segregat ion which occur du r i ng  
s o l i d i f i c a t i o n .  The nature o f  t h e  f l u i d  flow, i t s  e f fec t  on t h e  shape o f  
t he  c r y s t a l  melt i n t e r f a c e  and on t h e  r e s u l t i n g  d i s t r i b u t i o n  o f  so l u tes  
i s  examined. I n  p a r t i c u l a r ,  t h e  r o l e  o f  s o l u t a l  convcr t ion  ( g r a v i t y  
d r i ven  f l o w  (due t o  sa l u te  g rad ien ts )  dur i r ig t h e  \ ~ 3 1  d i r e c t i o n a l  
s o l i d i f i c a t i o n  o f  a  b inary  a l l o y  i s  considered 21,  , y o r e t i  ca! ly ~ c d  
exper imenta l ly .  
We present a  d iscuss ion o f  t he  numerical ca l cu l a t i ons  f i r s t  and then 
a  desc r i p t i on  o f  the  experiments: each sec t ion  can be read independently. 
The r e s u l t s  o f  a  number o f  new ca l cu l a t i ons  o f  thermosolu ta l  convect ion 
a re  presented. I n  p a r t i c u l a r  i t  appears t h a t  t h e  t ime  p e r i o d i c  behavior 
p rev ious ly  found i s  r e l a t e d  t o  t h e  second eigenmode i n  l i n e a r  theorv.  A 
few r e s u l t s  f o r  t h e  l e a d - t i n  system are  a l so  given. 
A number o f  manuscripts have been subc i t t ed  f o r  p u b l i c a t i o n  du r i ng  t h e  
year ,  viz., ( 1 )  Thermosolutal Convection Dur ing D i rec t i ona l  S o l i d i f i c a t i o n ,  
G. B. McFadden, R. G. Rehm, S. R. C o r i e l l ,  W. Chuck, and K. A. krrfc,r., 
Vet. Trans. ; ( 2 )  Asymmetric Ins tab i  1  i t i e s  i n  Buoyat~cy-Driven Flow i n  a  
T a l l  V e r t i c a l  Annulus, G. B. McFadden, S. R. C o r i e l l ,  R. F. Bo isver t ,  and 
M. E. Glicksman, Phys. F l u i ds ;  ( 3 )  Morphological  S t a b i l i t y  i n  t h e  Presence 
o f  F l u i d  Flow i n  t h e  Melt ,  G. B. McFadden, S. R. Cor 'e l l ,  R. F. Bo isver t ,  
M. E. Glicksman, and Q. I .  Fang, Met. Trans.; ( 4 )  E f f e c t  o f  z Forced 
Couette F l  ow on Coup1 ed C o n ~ e c t i  ve and Morohol ogi  ca l  I n s t a b i  1  i ti es Dur i  ng 
Un id i r ec t i ona l  S o l i d i f i c a t i o n ,  S. R. C o r i e l l ,  G. B. McFadden, R. F .  
Boisver t ,  and R .  F. Sekerka, 3. C rys ta l  Growth; ( 5 )  Convection and 
I n t e r f ace  I n s t a b i l i t y  Dur 'qg A l i o y  S o l i d i f i c a t i o n ,  S. R. C o r i e l l ,  G ,  8. 
McFadden, R. G. Rehm, and M. E. G l  icksman, Proceedings of Workshop 3n 
Sol i d i f i c a t i o r .  and F l u i d  Dynamics i n  t h e  Ea r t h ' s  and Space Laboratory,  
Aachen ; ( 6 )  :onvect i  on-Induced D i s t o r t i o n  o f  a Sol i d - L i q u i  d In ter face,  
R .  J. Schaefer and S -  9. C o r i e l l ,  Met. Trans. The res~ ; l t s  i n  (1 ) and ( 5 )  
are based on prev ious NBS r2por ts ;  t he  r e s u l t s  i n  ( 2 ) ,  (3 ) ,  ( 4 ) ,  :-i ( 6 )  
a1 e new and these manuscripts a re  at tached i n  Appendices (A-D). 
'ihe manuscript Coupled Convective Ins tab i  1 i t i c s  a t  Crys ts l  -bl t 
In te r faces ,  S. R. C o r i e l l ,  G. 8. McF?dderl, R, F. Boisver? , M. E. Glicksqan, 
and Q. T. Fang (Appendix i n  a previous repo r t 2 )  hzs been acceptca f o r  
pub l i ca t i on  i n  t h e  Il'ournal o f  Crys ta l  Growth. 
Numerical Resul ts 
The bas ic  equations and methods For c a l c u l a t i n g  t h e  f l u i d  ve l oc i t y ,  
so lu te ,  and t e r r p e r a t ~ ~ r e  F i e l ds  dur ing  d i  rectvcjnal s o l i d i f i c a t i o n  of a 
bi'nary a1 l o y  have been prev;ously repor ted l  92. The no ta t i on  used i s  
def ined i n  Tables I and 11. 
Since i t  appears t h a t  t h e  o s c i l l a t i ~ n s  i n  t ime previot .s ly2 repcjrted 
are co r re l a ted  w i t h  t he  second eiqenmode o f  l i n e a r  thec ry ,  we have c a r r i e d  
out  l i n e a r  s t a b i l i t y  ca l cu l a t i ons  f o r  Schmidt numbers Sc = 1, 10, and 81. 
Typical  l y  semi conductor i have Sc = 1 0  and metal s Sc = 100. The r e s u l t s  
a re  shown i n  F igs.  1-3. For  Sc = 1, t h e  f i r s t  t h ree  eigenmodes a re  shown; 
t he  dashed curve i nd i ca tes  how t h e  wavelength of t h e  fas tes t  growing mode 
var ies  d i t h  t h e  degree o f  i n s t a b i l i t y .  F igures 2-3 a re  s i m i l a r  a l though 
on ly  t h e  f i r s t  two r ,  genmodes a re  shown. Previous nonl '  ?ear ;a1 cu la t i ons  
f o r  Sc = 10  showed t ime pe r i od i c  behavior f o r  a narrow range o f  wave1 engths 
and values o f  Rs/Rs*. Conparison o f  Fig. 2 w i t h  Fig. 4 o f  reference 2 
i nd i ca tes  t h a t  t h e  non- l inear  t ime p e r i o d i c  behavior occurs i n  t he  v i c i n i t y  
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of the  second e i  gecrnode o f  1  i nea r  theory. 
We have c a r r i e d  out a  number o f  ca l cu la t i ons  f o r  t he  l e a d - t i n  system 
f o r  a  growth u e l q c i t y  o f  ~ ( 1 0 - 4 )  cm/s and a  tenperature grad ient  i n  t he  
1  i qu id  of 203 K,/cm. The dimensionless parameters are then k ~ / k ~  = K / K ~  = 0.535, 
k = 0.3, Sc = 81, P r  = 0.0225, Ra = 43.48, Rs* = 82.79. We r epo r t  t h e  
r e s u l t s  o f  f ou r  corrputatioss: 
(Pb 1)  Rs/Rs* =!.51, U = 0.0741, H/X = 1.303, MESH (12, 54), 
(Pb 2) Rs/Rs* = 2.13, U = (3.0741, H/x = 1.600, MESH(12, 54), 
[Pb 3) Rs/Rs* = 3.86, U = 0.123, H/A = 3.223, MESH(12, go), 
(Pb 4: Rs/Rs* = 4.28, U = 0.123, H/x = 1.790, MESH(12, 90). 
The values given as MESH(N, M) i nd icd te  t h e  number o f  i n t e r v a l s  (N, M) i n  
t h e  x and y  direct 'on, r espec t i ve l y ;  t he  c a l c u l a t i o n  i s  c a r r i e d  ou t  over 
h a l f  a wavelength i n  t h e  x-d i rect ion.  I n  t h e  f i r s t  t h ree  ca lcu la t ions ,  
t h e  r e l a t i  onship between wavelength x and degree o f  i nstabi  1  i t y  Rs/Rsf 
was chosen t o  a p p r o x i w t e  t h e  f a s t e s t  g r w i n g  mode o f  i n s t a b i l i t y  from 
l i n e a r  theory  (see F i s .  3), and steady s t a t e  behavior was found. For 
ca l cu la t i ons  Pb 1,  Pb 2, and Pb 3, t h e  r e l a t i v e  so lu te  segregat ion a t  t he  
c r y s t a l  me l t - in te r face  ( the r a t i o  o f  nx imum minus minimum t o  average 
concentrat ion)  i s  0.378, 0.319, and 0.264 w h i l e  t h e  r a t i o  of t h e  rnaxinurn 
f low v e l o c i t y  and t he  c r y s t a l  grcmth v e l o c i t y  i s  3.3, 4.7, and 8.5, 
,.especti ve:~. 
The wavelengtt1 and degree o f  i n s t a b i l i t y  Rs/Rsf f o r  c a l c u l a t i o n  Pb 
4 were chosen i n  t'. - reg ion where t ime p e r i o d i c  f l o w  might occur based on 
our previous r e s u l t s  f o r  Sc = 10 and t h e  loca t io r l  o f  the  seco,,d eigenmode. 
Osci 1 l a t o r y  behavior d i d  occur and t h e  stream funct ion and concentrat ion 
f i e l d  a t  f ou r  d i f f e r e n t  t imes dur ing  one per iod  o f  o s c i l l a t i o n  i s  shown 
i n  Figs. 4-5, respec t i ve ly .  The p s r i o d  o f  o s c i l l a t i o n  corresponds t o  aboat 
880 s; i r, t h i s  t ime t h e  c r y s t a l  has grown 0.18 cm o r  1.2 ( D / V ) .  Because 
of t he  1 arge 5chmi d t  number, ca l cu la t i ons  f o r  t h e  l e a d - t i  n  system requi  r e  
very l a rge  conputat ion times, e.g., about 3 hours o f  CPU t ime  (Univac 
1 100182) p e r  dimensionless t ime u n i t  f o r  t h e  osc i  1  i a t o r y  behavior shown 
i n  Figs, 4-5, where t he  dimensionless t ime exceeds 35. 
We have a l so  i n i t i a t e d  some ca l cu la t i ons  f o r  Sc = 1, where t h e  
behavior appears q u a l i t a t i v e l y  s i m i l a r  t o  t h e  l a r g e r  Schmidt number cases 
( c o q a r e  Figs. 1-3). The shor te r  conputer t imes a1 low a more d e t a i l e d  
study o f  t he  v a r i a t i o n  of t he  f l ow  f i e l d s  w i t h  wavelength and so lu ta !  
Rayleigh number. One o f  t he  most i n t e r e s t i n g  r e s u l t s  i s  t he  dependence 
of t h e  steady s t a t e  on t h e  i n i t i a l  s t a t e  (non-uniqueness of t h e  steady 
s ta te ) .  Figs. 6 and 7 show two d i f f e r e n t  steady s ta tes  w i t h  i d e n t i c a l  
values of t he  dimensionless var iab les,  but  w i t h  d i f f e r e n t  i n i t i a l  
condi t ions.  The r s l  a t i  onshi p  between non-uniqueness and osc i  11 a to r y  
behavior wi 11 be f u r t h e r  invest igated.  
Several ca;culations have been c a r r i e d  ou t  f o r  reduced bu t  constant 
g r a v i t a t i o n a l  accelerat ions, We p lan  t o  mndify t he  a1 g o r i  thm t o  p e r d  t 
ca l cu la t i ons  f o r  v a r i a t i o n  of t h e  d i r e c t i o n  and magnitude of t h e  g rav i t a -  
t i o n a l  acce le ra t ion  w i t h  t ime. I n  some circumstances i t  appears t h a t  
growth v e r t i c a l l y  downward would be preferable.  L inear  and non- l inear  
corrputations f o r  t h i s  case wi 11 be undertaken. 
Experimental Resul ts 
Prev ious ly  repor ted experiments2 demonstrated t h a t  convect ive f l ow  
pa t te rns  present dur ing the  un id i  r ec t i ona l  growth o f  succinoni  tri 1 e 
con ta in ing  ethanol could r e s u l t  i n  t h e  formation o f  a  macroscopic p i t  i n  
t he  s o l i d - l i q u i d  interface, w i t h  a  c e l l u l a r  microstructure then developing 
w i t h i n  the p i t .  The convective flow i n  these experiments was a t t r i b u t e d  
t o  the  e f f e c t  o f  rad ia l  tenperature gradients i n  the v i c i n i t y  o f  the 
s o l i d - l i q u i d  in te r face .  These gradients were due t o  heat loss  t o  the  
envi ronment and t o  the generation of l a t e n t  heat of fusion a t  the  so l i d -  
l i q u i d  in te r face  when s o l i d i f i c a t i o n  occurred. It was demonstrated t h a t  
t he  a c t i v a t i o n  of an auxi 1  i ary heater surrounding the so l  id-1 i quid 
i r , terface could be e f f e c t i v e  i n  supressing the formation of the in te r face  
p i t ,  
Addi t t o n a l  measurements o f  the  f l u i d  flow above the  sol id-1 i q u i d  
i n te r face  have Cndicated the  inportance o f  the  asymnetry of the  tenperature 
f i e ld .  When heat losses are symmetrical, the  f l u i d  f low shows a  t o r o i d a l  
pd t te rn ;  downward along the  wa l ls  o f  the  sample, r a d i a l l y  inward above 
the  in ter face,  and upward along the  sanple ax is  (Fig. 8a). When the 
sairple i s  held s tat ionary i n  t h i s  condit ion, marker p a r t i c l e s  tend t o  
accumulate a t  the  i n te r face  j u s t  above the  p o i n t  where the  rad ia l  i w a r d  
flow converges, and t o  f low upward i n  a  concentrated stream along t h e  
ax is  of the  to rus  (Fig. 9) .  Asymmetry o f  the  thermal f i e l d  causes the  
i n te r face  t o  becore t i l t e d  a;rd the ax is  of the  to rus  t o  be s h i f t e d  t o  t h e  
downhi l l  s ide (Fig. 8b). Addi t ional  asymmetry causes the  to rus  t o  pinch 
o t f  on one s ide and the  f low then forms a  s ing le  transverse r o l l  (Fig. &). 
The asymmetric pa r t  of the  heat losses becomes r e l a t i v e l y  less 
inpor tan t  when c rys ta l  growth i s  i n i t i a t e d ,  as a  r e s u l t  of the l a rge  
symmtr ;c  generation of heat of fusfon. I n  response t o  t h i s  e f fec t ,  the  
2 x 4 s  o f  the to ro ida l  f low moves toward the  center of the  tube. Ac t iva t ion  
o f  ' i l e  auxi i i ary heater surroundi ng the  i nter face general l y  resu l ted  i n  
a more asymmetric f low f i e l d  e i t h e r  because the a u x i l i a r y  heater i t s r l f  
was not symnetric o r  because the  a u x i l i a r y  heater cancel led tho  5 y l m t r - c  
p a r t  of the  heat losses but l e f t  the asymmetric part .  Thus the e l im iqa t  on 
of the cent ra l  i n te r face  depression when the  auxi 1 i a r y  heater was ac t iva ted  
can be a t t r i b u t e d  i n  pa r t  t o  t he  decrease i n  rad ia l  gradients but a lso il 
par t  t o  the  change i n  the  form o f  the f lw f i e l d .  Conplete e l im ina t i an  
of hor izonta l  gradients (and subsequent e l  i m i  n a t i  en o f  thermal convection) 
by the use o f  a u x i l i a r y  heaters i s  u n l i k e l y  t o  be successful because of 
t he  d i f f i c u l t y  o f  producing p e r f e c t l y  uniform t r a n s f e r  o f  heat t o  t he  
specimen tube. 
A very strong convective f low has been obse-ved i n  the  v i c i n i t y  of a 
vapor bubble which was trapped a t  t he  s o l i d - l i q u i d  in te r face .  This bubble 
was formed when the  sample was melted back i n t o  a region where the  s o l i d  
contained a shrinkage void. The f law pa t te rn  above t h i s  bubble was 
sometimes s i r i l a r  t o  t h a t  i n  sanples conta in ing no bubble but  a t  other  
times i t  showed a loca l ized countorrotat ing to ro ida l  pa t te rn  d i r e c t l y  
above t h e  bubble (Fig. 10). The v e l o c i t i e s  i n  t h i s  counterrotat ing flow 
were a t  leas t  an order o f  ~ g n i t u d e  f a s t e r  than those normally present. 
and were fas tes t  d i r e c t l y  adjacent t o  the  bubble urface. The counterrotat ing 
f low appeared t o  be most vigorous sho r t l y  a f t e r  the  bubble s h i f t e d  i t s  
posi t ion.  These observations i nd i ca te  t h a t  the  f low i s  d r iven try surface 
energy gradients along the l iqu id-vapor i n te r face ;  bubble motions would 
cause sudden t rans ien t  me1 t i a g  o r  s o l i d i f i c a t i o n ,  thus increasing l o c a l  
t emera tu re  and concentration gradients and inducing more rap id  f 1 oh. 
The ef fect  would be especi a1 l y  s i g n i f i c a n t  under Ion  g rav i t y  condit ions, 
where the loca t ion  of vapor bubbles i s  d i f f l c u l t  t o  cont ro l .  More 
observations of th is  effect  are planned, t o  c lar f  fy the re la t ive  roles of 
tenperature and solute gradients. 
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Table I 
Def in i t ion  of Symbols Used f o r  Physical Quant i t ies 
v (kinematic v iscosi ty)  
K (thermal d i f f u s i v i t y  o f  melt) 
KS (thermal d i f f us i  v i  t y  of c rys ta l  ) 
D (d i f fus ion c o e f i i c i e n t  o f  melt) 
g (accel e r a t i  on o f  grav' t y )  
a (thermal c o e f f i c i e n ~  of expansion o f  melt) 
ac ( so lu ta l  coef f i c ien t  of expansion o f  melt) 
k~ (thermal conduct iv i ty  of melt) 
k, (thermal conduct iv i ty  of c rys ta l )  
k  ( d i s t r i b u t i o n  coe f f i c i en t )  
C, (bulk concentration of solute)  
C,* (bulk concentration corresponding t o  onset of convection) 
GL (tenperature gradient i n  melt) 
(melt height) 
V (c rys ta l  growth ve loc i t y  ) 
X (hor izonta l  wavelength) 
t (time) 
Table 11 
Dimensionless Quanti t ies Used i n  Calculat ions 
Rat io  o f  Thermal Conduct iv i t ies  k ~ l k ,  
Rat io  o f  Thermal O i  f f u s i v i t i e s  K/KS 
D i s t r i b u t i o n  Coef f i c ien t  k = 0.3 
Schmidt number Sc = v/D 
Prandt l  number P r  = v/r; PrS = V/KS 
Thermal Rayleigh number Ra = (g&L/vr) (DIV)~ 
C r i t i c a l  so lu ta l  Rayleigh number Rs* = ( g q ) ~ )  ( D / v ) ~  
Dimensionless c rys ta l  grawth ve loc i t y  U = VH/v 
Soluta l  Rayleigh number Rs = ( g ~ C , C J Q )  (D/v13 
Rat io  o f  melt  height t o  hor izonta l  wavelength H/x  
Fig .  1. The normalized concentrat ion a t  the  onset o f  i n s t a b i l i t y  dur ing 
d i  rec t iona l  s o l i d i f i c a t i o n  as a function of the  dimensionless 
wavelen t h  o f  a sinusoidal per turbat ion.  Three eigenmodes and 
t h e  MX 9 num growth r a t e  a r e  shawn. For these curves (kL/kS) = 
( K / K ~ )  = 1, k = 0.3, SC = 1 ,  Pr = 0.01, Ra = 1268, Rs* = 961. 






























































Fig .  3. The normalized concentrat ion a t  t h e  onset o f  i n s t a b i l i t y  during 
d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  l ead  conta in ing t i n  as a func t ion  
of t h e  dimensionless wavelength o f  a sinusoidal  per turbat ion.  
Two eigenmodes and t h e  maximum growth r a t e  a r e  shown. For these 
curves ( k ~ / k ~ )  = ( K / K ~ )  = 0.535, k = 0.3, SC = 81, Pr = 0.0225, 
Ra = 43.48, Rs* = 82.79. 
Fig .  4 .  The stream func t ion  a s  a t ,nct ian  o f  p o s i t i o n  a t  four  dimensionless 
times f o r  the  d l  rec t io r i a i  s o l i d i f i c a t i o n  of l e a d  containing 0.001 5 wtX 
t i n  a t  a growth v e l o c i t y  o f  E (  10 -4 )  cm/s and a t enpera tu re  g rad ien t  
i n  the  l i q u i d  o f  200  Klcn. The streamfuncton i s  p e r i o d i c  i n  t ime;  
one dimensionless t ime u n i t  corresponds t o  926 s .  
Fig. 5 .  The concentrat ion f i e l d  as a f u ~ c t i o n  of p o s i t i o n  f o r  t h e  same 
condi t ions  as F i g *  4.  
STREAH FUNCTlBN C!JNfBUR MAP AT T = 4.4742 
Fig .  6.  The steady s t a t e  stream funct ion as 2 function of p o s i t i o n ;  see 
F i g .  1  caption f o r  values o f  t h e  dimensionless parameters not  
g i  ven abovre (here  L = A ) .  
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Fig.  8. Convective f low pat terns above t h e  sol id-1  i q u i d  i n t e r f a c e  w i th  
( a )  symmetric, ( b )  s l i g h t l y  asymnetric, and (c )  h igh ly  asymnetric 
heat  losses. 
Fig.  9. Stream of p a r t i c l e s  along the ax is  of the  t o r o i d a l  flow f i e l d .  
F ig .  10. Vapor bubble a t  the  s o l i d - l i q u i d  i n t e r f a c e ,  w i th  associated 
r a p i d  c o u ~ t e r r o t a t i n g  convective flow. 
APPENDIX A 
ASYMMETRIC INSTABILITIES I N  WJOYANCY-DRIVEtl FLO!d 
I N  A TALL VERTICAL ANNULUS 
G.B. McFadden, S.R. Corie:l, and R.F. bi svert  
Nat i  onal Bureau o f  Standards, Washi figton, O.C. 20234 
and 
H.E. G l i  cksma? 
Materi a1 s Engi neeri ng Department, Renssel aer Polytechni c 
I ns t i t u t e ,  Troy, Kew York 12151 
ABSTRACT 
L i  near stabi li ty o f  the cne-dimensi onal f low betweer; i n f i  n i t e  ve r t i ca l  
coaxial cy l inders induced by heating the inner  cy l inder  i s  considered f o r  
various ra t i os  K o f  the inner  radius t o  the outer radius, and f o r  Prandtl 
nunbers P appropriate t o  a i r  and water. For a i r  w i th  P=0.71 the least  stable 
d i s t u rba~ce  i s  non-axisymmetric for  ~(0.44 and i s  axi s ynmt r i c  for ~>0.44, 
and i n  e i t he r  case the i n s t a b i l i t y  i s  due t o  the act ion o f  the shear forces. 
For P=3.5, the s i  tuat io t l  i s  similar, except tha t  the ( ~ s ~ n n e t r i c  shear mode 
i s  superceded by an axisymmetric i n s t a b i l i t y  dr iven by buoyi~ncy forces f o r  
0.03<~<0.16. Wave speeds, wave nunbers, and c r i t i c a l  Gras ?of nunbers fo r  
these cases and for  the case o f  zero Prandtl nunber are given. 
Preceding page Mank 
INTRODUCTION 
A basic problem i n  the study o f  heat transfer concerns the s t a b i l i t y  of the 
flow o f  a l i q u i d  placed between two ver t i ca l  surfaces that  are held a t  
1 di f ferent  temperatures . Due t o  the var ia t ion o f  the  f l u i d  density wi th  
tenperature, buoyancy forces t yp i ca l l y  cause the f l u i d  t o  r i s e  near the 
ho t t e r  surface and sink near the colder surface. The geometry considered i n  
t h i s  note i s  a p a i r  o f  i n f i n i t e  ver t i ca l  coaxial cyl inders w i th  the inner 
cy l inder  maintained a t  a higher tenperature than tha t  o f  the outer cylinder. 
I f  the temperature dif ference i s  s u f f i c i e n t l y  small, the resu l t ing  f lw  f s 
purely ver t i ca l  and the l a te ra l  heat transport i s  due so le ly  t o  conduction. 
If the t e w r a t u r e  df fference i s  large enough, however, the para l le l  f low 
b e c m s  unstable and a more crmplex f low develops; heat f s then convected 
1 a tera l  ly. 
Several  author^^.^ have considered the l f  near s t a b i l i t y  o f  the basic para l le l  
f l ow  t o  d i  sturbances tha t  are axi a l  l y  synmetri c. The purpose o f  t h i s  note f s 
t o  extend these resu l ts  t o  include asymmetric perturbations. The resu l ts  
f ndi cate tha t  f o r  small r a t f  os r o f  the f nner radi  us t o  the outer radi  us, and 
f o r  m a l l  Prandtl nunbers, the pa ra l l e l  f low f i rrt becomes unstable t o  
asymmetric disturbances. 
Asymmetric (he l ica l )  i n s t a b i l i t i e s  o f  a d i f fe ren t  type have also been 
observed experi mentai l y  and predicted by l i nea r  theory* for  the s f tuat ion i n  
which the outer cyl inder i s  c r ys ta l l i ne  succ inoni t r i le  and the f l u i d  i s  
molten succinoni t r i  l e  wi th  a Prandtl nunber o f  23. I n  t ha t  case the feature 
o f  i nterest i s  the i nteract i  on between the non-ri g id  crystal-me1 t f nterface 
and the buoyancy-dri ven flow. 
FORMULATION AND SOLUTION 
The governi ng equations are tak2n t o  be the Navier-Stokes equations i n  the 
Oberbeck-Boussinesq approximation5. The equations are made dimensionless by 
scal ing length by the rad ia l  gap L (outer radius m i  nus inner  radius), time 
by L'/v, where Y i s  the kinematic viscosfty, temperature by the tenperature 
difference AT between the c y l i  nden, f l u i d  ve loc i t y  by U = g a L~ ATlv. where 
g i s  the magnitude o f  the grav i ta t iona l  accelerat ion which acts i n  the 
negative z d i rec t ion  and cz i s the coe f f i c ien t  o f  thermal expansion, and 
pressure by PU*, where p i s  the detisity. The unperturbed tenperature f i e l d  
To(r) and the ve r t i ca l  base i l c r  ve loc i ty  Uo(r) depend only on the rad ia l  
coordinate and are given by Choi and ~ o r ~ e l a ' .  The perturbed quant i t ies are 
assuned t o  have the form f ( r )  exp(iwz + in+  + a t )  , and l i n e a r  ins tab i  li t y  i s  
predicted when Re(o)>O for  any wavenumbers o and n. If the r-dependent 
pa r t  of the perturbed radial ,  az imtha l ,  and axi a1 ve loc i t y  components, the 
pressure, and the temperature are denoted by the corrplex quant i t ies u,v,w,p, 
and T, respectively, the l inear ized governing equations reduce t o  the 
f 01 lowi ng set o f  ordi  nary d i  f f e r e n t i  a1 equations: 
Du + u/r + ( inv ) / r  + i w w  = 0, 
3 2 Here the Grashof number G=g a AT L /v ; the Prandtl  nunber P=v/k; Dzd/dr; 
and k i s  the thermal d i f f us i  v i ty .  The perturbed ve loc i t y  components and 
temperature f i e l d  a l l  vanish a t  the inner  cyl ir tder r -u/( l -U) and a t  the outer 
cy l inder  r= l / ( l -K) .  
The equations can be recast as a set o f  16 rea l  f i r s t  order ordinary 
d i f fe ren t ia l  equations. They a r e  solved using the l i n e a r  boundary value 
problem software SUPORT~ i n combi nat i  on wi th  the nonl i near eguati on solver 
S H S Q E ~ ~ ~ .  Following a method described by   el lerg,  the ccwlex boundary 
condi t ion u(l/(l- lc))=O i s  replaced by D u ( l / ( l - ~ ) ) = l  i n  order t o  obtain a 
nonsingular boundary value problem. The nonlinear so lver  then varies G and 
Im(u) f o r  f ixed val l~es o f  Re(a), 66,  n, K, and P u n t i l  the computed value of 
u / l - )  i s  dr iven t o  zero. Values o f  G corresponding t o  marginal 
stabi  l i t y  are obtained by se t t ing  Re(u)=O for  f ixed U, n, K, and P. For given 
values of P and K, the c r i t i c a l  Grashof number corresponds t o  the smallest 
marginal value of G taken over a1 1 values of u and n. For n=0 t h i s  method 
reproduces t o  w i th in  1% the c r i t i c a l  Grashof nmbers obtained by Choi and 
~ o r p e l a ~  using a d i f fe ren t  method. 
RESULTS 
As discussed by  art", energy can be t ransferred from the main f low t o  the 
disturbance by the act ion o f  e i t h e r  the buoyancy forces o r  the shear forces 
(Reynolds stress). E i  genmodes correspondi ng t o  each mechani sm cao be 
ident i f ied.  The Grashof nunber f o r  marginal stabi  li ty o f  the buoyant mode 
increases markedly as the Prandtl number i s  decreased, whereas the shear mode 
i s  r e l a t i v e l y  insens i t ive  t o  the Pran4t1 number. The mechanf sm for  
i n s t a b i l i t y  i n  e f f ec t  a t  the c r i t i c a l  Grashof number depends on the speci f ic  
value o f  P as well  as K. 
F i  gure 1 shows marginal Grashof nmbers vs K f o r  a i r  w i t h  Prandtl number 
P=0.72. Two modes are shown: the  dashed curve corresponds t o  azimuthal 
wavenumber n=O and t h e  s o l i d  curve ccrresponds t o  n=+l. Each po in t  on the  
curves represents the  ~i nimum value o f  G w i t h  respect t o  w w i t h  the other 
parameters f ixed.  The p a r a l l e l  f l ow  i s  s tab le  f o r  Grashof numbers below both 
curves, and the  c r i t i c a l  Grashof nmber f o r  any K i s  g iven by the smaller 
value of the  two curves. 
The dashed curve i s  the  symmetric shear mode discussed by Choi and ~ o r p e l a ~  
and Shaaban 2nd 0z i s i k3 .  The s o l i d  curve i s  a lso a shear mode, and the  
geometry requires t h a t  t h e  two modes become ind is t ingu ishab le  i n  the .1 im i t  as 
K approaches 1, which represents a planar v e r t i c a l  s lot .  The asynnnetric mode 
l i e s  s l i g h t l y  above t h e  symmetric mode f o r  0.44<~<1 and t h e  c r i t i c a l  Grashof 
number i n  t h i s  range ccrrespocds t o  a symmetric disturbance, as was observed 
experimental ly f o r  r=0.68 by Choi and ~ o r ~ e l a ~ .  For  ~(0.44 the  c r i t i c a l  
Grashof number corresponds t o  an asymmetric d i s t o r t i o n  o f  the  flow. The 
symmetric buoyant mode l i e s  wel l  tbove these curves a t  t h i s  Prandtl  number 
and i s  not shown. 
Selected values o f  t h e  c r i t i c a l  Grashof number, ax ia l  wave speed, and a x i a l  
wavenumber are given i n  Table i .  Pos i t i ve  wave speeds correspond t o  
upward-moving waves. The disturbance i s  s ta t ionary  f o r  ~ = 1 .  Results f o r  P=O 
are a lso  included i n  Table I. I n  t h i s  l l m i t  the  temperature f i e l d  has no 
e f f e c t  on the  flow and the  problem reduces t o  the  c l a s s i c a l  O r r - S o m r f e l d  
equati  ons. 
Figure 2 shows r e s u l t s  f o r  P=3.5. (The Prandtl  number o f  water has a value 
o f  3.5 a t  about 50C but the  themlophysical propert ies vary considerably w i t h  
temperature; the v a l i d i t y  of the Boussi nesq appi-ox!mati on f o r  water therefore 
re5tr-i c t s  the magnitude o r  the temperature d i  rference AT). For t h i s  value 
the  symmetric buoyant mode (dotted curve) has dropped s u f f i c i e n t l y  t o  become 
domi nant. The two shear modes bear roughly the same re l a t i  on t o  each other 
as before, but now the buoyant mode i s  the least  stable mode over the range 
0-03<~<0.16. Results f o r  th f  s case are a lso included i n  Table I. The buoyant 
mode i s  increasingly destabi l ized as the Prandtl n~mber increases, so t h a t  
f o r  much higher values of P the c r i t i c a l  Grashof nunbers correspond t o  
symmetric d i  sturbances. 
In s m a r y ,  fo r  low Prandt l nunbers and f o r  low r a t i o s  o f  the inner  cy l inder  
rzd ius  t o  the outer cy l inder  radius, the pa ra l l e l  f low f i r s t  becomes unstable 
t o  asymmetric perturbations. Thi s e f f e c t  should be observable i n experiments 
w i t h  a i r  f o r  radius ra t i os  ~<0.4. 
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TABLE I 
P=O.O n=O (Sh) n=O {Sh) n= l  (Sh) n = l  (Sh) n= l  ! ~ h )  
G 7930.2 8313.4 10258. 10856. 14384. 
w 2.69 2.65 2.25 2.13 1.98 
c .24088 12.568 25.529 30.712 33.113 
P=.71 n=O (Sh) n=O (Sh) n= l  (Sh) n= l  (5k) n = l  (Sh) 
G 8038.0 8512.4 10435. 10438. 10026. 
w 2.80 2. '5 2,24 2.11 2.09 
c .25432 13.400 32.316 32.320 24.770 
P=3.5 n=O (Shj n=O (Sh) n= l  (Sh) n=O (B) n = l  (Sh) 
G 7857.1 8347.5 10582. 9312.6 14767. 
w 2.75 2.75 2.25 1.21 1.90 
c .24677 12.977 32.006 87.554 36.433 
Table I. The c r i t i c a l  Grashof number G, dimensionless a x i a l  wavenurnber W ,  and 
dimensionless a x i a l  wave speed c = ~ I r n ( a ) l / w  ( i n  u n i t s  o f  v/L) as funct ions o f  
t h e  rad ius  r a t i o  U. '(Sh) ' denotes a shear i n s t a b l i t y  and ( 6 )  denotes a 
buoyant i nstabi  1 i ty. 
FIGURE CAPTIOYtS 
Figure  1. Marginal Grashof numbers vs radius r a t i o  K f o r  Prandt l  number 
P=.71. The dashed curve i s  the symmetric shear mode and the  s c r i d  curve i s  
t he  asymmetric shear mode. The symmetric mode l i e s  s l i g h t l y  below the 
asynmet ri c mode f o r  tc>0.44. 
F i  gure 2. Margi nal  Grashof numbers vs rad ius  r a t i o  K ( logar i thmic  scale) fo r  
Prandt l  number P=3.5. The dashed curve i s  the  symmetric shear mode and the  
s o l i d  curve i s t h e  asymmetric shear rode. The dot ted curve i s  tbe symmetrl c 
b ~ c y a n t  node. The symmetric shear mode l i e s  s ' i  g h t l y  below the asymmetric 
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"~cent ix;eria?nts h a y ~  shown t h a t  the  presence of a  v e r t i c a l  buoy3ncy-driver 
Flow a.fJ.c?ct :a an i n i t i a l l y  c y l i  nd r i ca l  c r y s t a l - z e l t  i n t e r f a c e  may p r o ? * ~ r e  
a  t i r c ~ - 2 e ; ~ n 5 ? ~ t  h c l i  ca l  d2formztion o f  t he  i n te r face ,  w i t h  a  ro ta t i a r t  p?---;<ld 
ranging fro: szveral  ~ i n s t r s  t o  man) +ours, depending ugon the biidth of che 
melt. Tne te5perat;lr-e d i s t r i b u t i o n  i s  such t h a t  t he  i n te r face  i s  expected t o  
he nor?holoc,i c a l l y  s tab le  i n  t he  absence o f  f l u i d  f low. 4 l i n e a r  s tah i  li t y  
analysf s reveals  t h a t  t he  i nstabi !i t y  i s  due t o  a  coupl ing betvreer! (7 basic 
hydrod:/na~i c  i nstabi li t y  i n the bucyant f  lo^ and the deformable boundary 
separat i  ng t h?  two phases. The c rys ta l -me l t  i nterfsce lowers the  c r i t i c a l  
Grashof rlumSer o f  an ana logo~s r i g i  6-wal l e d  system by an order o f  gagni twde 
f o r  succinorl! t-i :e w i th  a  Prandt l  number P=22.8; furthermore, the  hydro- 
dynznic aade t h a t  1s a c t u a l l y  des tab i l i zed  by the  i n te r face  i s  not  the  l e a s t  
s t s b l e  nod2 i n  the  r i g i d -wa l l ed  system f o r  P=22.8. The r e s u l t s  shol:! t h a t  t he  
i nstsbi  l i t y  may be regarded e i t h e r  as a r a t h e r  la rge  a l t e r a t i o n  o f  a bas ic  
hydrcdynami c i nstabi li t y  by the c rys ta l -me l t  i nterface, c r  as a  s i  gfii fi cant 
modi f i  c a t i  on of tne  rnorp5ologi c a l  s tabi  i i ty  o f  the i nter face  by the prGsence 
of the buoJfant f lac .  
The occurrence of f luid flow in the melt duri n~ solidification has reccived 
considerable attention, see e.g. the reviews by ~ u r l e l ,  carruthersZ, and 
Pinputkar and 9strach3. I t  i s  t e l l  known that convecti~n can have a si gnif- 
icant effect on the structure and properties of the resulting solid. In 
parti cul3r, the morphologi cal stabi l i  ty4-6 of the crystal-me1 t interface may 
be altered considerably by the presence of f luid flow. For example, Delves 
has shm/n5 t h a t  a forced f l a r  oaril lei  t o  the interface helps stabilize the 
i nterface a ~ a i  nst a Yul 1 i ns-Sekerka f nstabi l i  ty6, whi l e  Cori el 1, e t  al. 7 
shad that thermosolutal ins tab i l i t ies  in  the melt may interact with the 
morphological i nstabi l i  ty in a coinplicated fashion and may in  fact  result in 
segregation a t  solute levels much lower than those predicted on the basis of 
~ o r ~ h o l a ~ i  c l s tab i l i ty  theory alone. 
A surpri si ng effect  of convectf on on an otherwi se stable sol i d-li quid 
i nterface has recencly been investigated experirentally by Fang, Glicksnan 
a n c l ~ i c k a l o n i s ~ , ~ ~ ~ ~ .  They studied a pure sampl? of succinonitrile (SCfl) 
with a vertical ,  stationary cylindrical crystal-xelt i nterfdce in a radi a1 
synmetri c temperature f ie ld  that i ncreasec into the liquid. A1 though 
accordi vrj t o  nior~hological stabi l i  ty theory the cyl i ndri cal i nterface shcul d 
be stable i n the ab5ence of convection, they f c ~ n d  that the buoyancy-dri ven 
flow induced by the temperature gradient i n the me1 t ni 11 under certain 
ccndi t i  ons produce a slo!vly rotati ng heli cal i nterface, acconpani ed  by a more 
cclmplex time-dependent flow. The cr i t ical  Grashcf number for the onset of 
th is  instabi l i tyl l  i s  a n  order of magnitude l w e r  than the cr i t ical  Grashof 
ntrn~hcrs as-joci a t e d  w i t h  hydrodynaaic i nstdhi l i  t i e s  i rigid-\fa1 ied 
cont.3i ners12913. 
9eference 14 contai ns a detai led descri pti on of the experiment and a conpari - 
son of experimental results w i t h  theoretical predictions of a linear s tabi l -  
i ty analysis. A more detai led theoretical study for  the related case of a 
planar g e m t r y  has also been performed15, shoi~i ng the dependence of the 
c r i t ica l  Grastof amber on the Prandtl nlnSer o f  t h p  ~ l t .  In th i s  paper the 
experimental results are reari ewe6 briefly , and some new theoretical results 
concerning the nature of the crystal-melt ins tab i l i ty  are presented. I t  i s  
sho.vn t h a t  the instabi l i ty  may b? viewed ei ther  as a large alteration of a 
hydrodyn5ni c instabi l i ty  by the solidification process, or as a significant 
ncdi f i  cation t o  morpholc~gi cal stabi l i  ty  theory due t o  the buoyancy-i n&~ced 
f 1 cay. 
EXPER I8<E';T 
The ex?erizezt consists of observing the f l w  s t a t e  and internal 
confi ggrati on of a long glass cyli nder contai ni r;g solid succi noni t r i  l e  wi t h  
a olati~.lar! heCi  ng wire r ~ n n i  ng along the axis of the cylinder. By passing a 
c ~ r r e n t  thrc~ugh tho  wire while cooling the outside of the container in a 
i sothem.al bath of the proper temperature, a steady s ta te  cyli ndrical 
crystal-melt interface may be produced which separates the outer annulus of 
crystal from the core of melt near the wire, c.f. Figure la. The h ~ t t e r  
f lu id  near the wire i s  less  dense than the f luid near the interface, and a 
steady vertical flow i s  established such that the fluid flows upward near the 
rri re and dcnvnward near the interface. If the wire temperature i s  slowly 
i ncre~sed, the magnitude of the flmt velocity increases unt ;  a c r i t ica l  melt 
7ap and a c r i t ica l  temperature difference A h e t w ~ i  . ...:-$a and the 
crystal-we1 t i nterfsce are reached for  which the cyli ndri cal i nterf ~ C P  i s no 
lonqcr stable. The crystal-melt interface i s  then observed to  s.:;surnc a 
helical shape, c.f. Figure Ib. 
The experimental results are sunmari zed as f 01 lows: 
1) A non-axisym.wtric mode was observed when the Grashof number exceeds 
a c r i t i ca l  value. The cr i t ica l  values range from 140 to  180, 
dependi cg on the average radi a1 gap width L of the me1 t a t  the onset 
of instabi l i ty .  (The width L a t  the onset may be varied by 
adjusting the b a t h  terrperature and the wire temperature properly.) 
2 )  The longi tudi nal wave speed associated w i t h  the crystal-melt 
i nterface i nsta5i l i  ty  i s  about two orders o f  magnitude smaller than 
the maximum base flow velocity, and w ~ s  found t o  scale as L-4. The 
wave length, on the other hand, was found t o  be prooortional t o  L. 
3)  The helical interfacial  waves were observea to  rotate with periods 
ranging from a few minutes to  about ten hours, dependi ng on the melt 
gap. These rotation periods were found t o  scale as L4*82. 
4 )  The helical wave associated with the interface instabi l i ty  tan 
rotate with ei ther  a right-or a left-handed sense. I t  was found 
that  there i s  a definite preferenc2 for left-handed helices for  
smaller value of L, hhereas right-handed helices are preferred for  
large values of L. In addition, the helical naves \ e r e  always found 
t o  travel upwards against gravity independent of their  sense o f  
rotati  on. Experimefits also showed that the sense of rotation may be 
influenced by rotating the speciqen tube. For further details of 
the experiment, see reference 10 and 14. 
The rernai nder o f  t h i  s paper consi s t s  o f  a c o l l e c t i o n  o f  new theo re t i ca l  
r e s u l t s  obtained by l i n e a r  s tabi  li t y  analysis.  A b r i e f  desc r ip t i on  o f  the  
governing equations and the  method o f  numerical i o l u t i ~ n  i s  a l so  provided. 
NUYERICAL WETHOD 
The experiment i s  modelled t h e o r e t i c a l l y  by assuming t h a t  t he  aspect r a t i o  of 
t he  contai  ner i s i n f i  n i  te. The governi ng equations a re  taken t o  be the  
Boussi nesq approxima t i  on16 t o  the Navier-Stokes equat i  ~ n s  f o r  the v e l o c i t y  
f i e l d ,  a convect ic jn-d i f fus ion equation f o r  t h e  temperature i n  the  melt, and a 
d i f f u s i o n  equation f o r  the temperature i n  t he  c rys ta l .  The unperturbed 
p rob le r  then has a s i ~ p l e  so lu t i on  depending on ly  on t h e  radius, w i t h  the 
t e m p e r a t ~ r ?  f i e l d  and v 2 r t i c a l  v e l o c i t y  f i e l d  as given by Choi and ~ o r ~ e l a l ~ .  
The equz t i cn i  a r 2  czde dirensionless by choosing the  l eng th  scale t o  be the 
r a d i a l  distzrlce L berween the  unperturbed i n t e r f a c e  and the  wire, the t ime 
scale t o  be L ~ / v ,  where u i s  the kinematic v i s c o s i t y  of  t he  melt ,  and the  
temper-ature scale t o  be AT, the temperature d i f f e rence  between the  wire and 
the  unpertsrb2d c rys ta l -me l t  in ter face.  The v e l o c i t y  scale i s  taken t o  be 
v/L, which d i f f e r s  from the sca l ing  used i n  e a r l i e r  papecs11,14,15a For t h e  
purposes of a 1 i near s tab i  li t y  analysi  s t he  equations ar . '  boundary condi ti ons 
are 1 i neari  zed aSout the unperturbed v e l o c i t y  and temperature f i e l d s  and 
about the cy l  i ndr i  ca l  i nterface. Tie z ,+,arid t dependence i n c y l  i ndr i ca l  
coordinates of the  perturbed quan t i t i es  i s  assumed t o  have the  form exp(-at + 
i ~ z  + i n + ) ,  where w i s  the a x i a l  wavenumber, n i s  the azimuthal wavenuinbe,-, 
and the  comlex  time constant u determines the temporal s t a b i l i t y  o f  the 
system; i nstabi li t y  i s predicted when ur=Re;u)>ll. The r e s ~ ~ l t i  ng equations 
a r e  
i n  the melt, and 
i n the c rys ta l ,  where D=d/dr, yo(r)  i s  the unperturbed vert ical  velocity, and 
To(rj ' s  t he  unperturbed temperature i n  the liquid. The r-dependent part of 
the  perturbed radi a1 , azin~utAal, and axi a1 velocity components, the pressure 
f i e l d ,  and t n e  l iquid  and solid tempsrature f i e l d s  are  d~no t ed  by u ( r ) ,  v( r ) .  
~ ( r ) ,  p(r ) ,  T(r), and T,(r), respectively. me Prandtl number P=v/K, where K 
i s  the thermal d i f f u s i i ;  ty  i n  the  liquid, PS=v/KS, where KS i s  the  thermal 
d i f fus iv i ty  in the so l i a ,  and the Grashcf nu~be r  G = ~ & T L ~ / v ~ ,  where a i s  the  
coeff ic ient  of volme expansion. With t h i s  choice of unirs ,  Wo(r) i s  propor- 
t i  onal t o  G. 
The r a t i o  of the wire radius t o  the ~rnperturbed interface radius i s  denoted 
by K .  The boundary conditions a t  the wi re radius F K / ( ~ - K )  are  u=v=w=T=O. 
The so l id i f i ca t ion  boundary conditions a t  the interface l / ( l - )  arc7 
where k~ and ks are the  l i q u i d  and s o l i d  thermal conduct iv i t ies ,  and 
H=vLV/(icshT), where Lv i s the  l a t e n t  heat released per  u n i t  voll~me upon 
s o l i d i f i c a t i o n .  The per tu rbat ion  o f  the  i n te r face  has the  form bexp(at + iwz 
+ i n+). It i s  a lso convenient t o  de f ine  A=GH. These boundary condi t ions 
have been s impl i  f i e d  by assumi ng t h a t  the d imen~ion less  capi 1 l a r i  t y  constant 
y=GTmr/(~TL)=3, where Tm i s  the  mel t ing  po in t  o f  SCN and r i s  the  r a t i o  o f  
t he  s o l i  d-1 i c y ;  d sgrface tens ion  t o  Lv, and the  dimensi onless densi ty  change 
upon s o l i d i f i c a t i o n  E = ( ~ ~ / ~ ~ ) - ~ = O ,  where p s  and PL are the  dens i t ies  o f  the  
s o l i d  2nd I i q a i d ,  respect ive ly .  This  i s  an exce l len t  approximation f o r  the 
experiment w i t5  SCN. The c r y s t a l  extends t o  r=LS, where the perturbed 
temperature vani shes. 
The equations can be r e w r i t t e n  as a system of s ix teen r e a l  f i r s t - o r d e r  o rd i -  
nary d i f f e r e n t i a l  equations i n  the l i qu id .  The so lu t i on  procedure i s  + i m i  l a r  
t o  t h a t  employed i n previ ous li near s tabi  li ty analyses7. B r i e f l y ,  the  e i  gen- 
value problen i s  solved using the  l i n e a r  boundary value problem software 
S U P O R T ~ ~  i n conjunct ion w i t h  the nonl i  near equation so lver  S N S Q E ~ ~ ~ ~ ~  f o l l o r -  
i ng a method ou t l i ned  by Keller2O. 
It i s  a lso  o f  i n t e r e s t  t o  consider the case of a p lanar  gcomtry15, This can 
he descri  bet1 by the above equations w i t h  fo rna l  l y  taken t o  be i n f i  n i t e l y  
la rge  and w i t h  the azimuthal ve loc i t y  set t o  zero. The c r y s t a l  i s  assumed t o  
extend t o  i n f i n i t y .  The unperturbed v e r t i c a l  f l o w  f i e l d  induced by buoyancy 
has a s imple cub ic  p r o f i l e  and t h e  unperturbed temperature f i e l d  i n  t h e  
l i q u i d  i s li near. Two methods were used f o r  t h e  p lanar  case: t h e  procedure 
o u t l i n e d  above and another  method based on d i s c r e t i z i  ng t h e  equat ions us i ng  
second-order accurate  f i n i t e  d i f f e rences  on a unifornly-s3acec-i nesh t o  o b t a i n  
1 m a t r i x  e igenvalue problem. The l a t t e r  method i s  use fu l  f o r  o b t a i n i n 3  
i n i  - i a l  guesses f o r  t h e  non l i nea r  r o o t  f i n d e r  i n  t h e  f i r s t  procedure as w e l l  
as f o r  pe r fo rming  qu ick  scans i n  parameter space t o  i d e n t i f y  va r ious  
eigenmodes. The eigenvalues were computed u s i n g  t h e  subrou t ine  F02G.JF from 
t h e  NAG li braryZ1, which i s  based on t h e  QZ algor i thm22. 
NUr4ERICAL RESULTS 
A coqpar iscn o f  theory  and experirnent14 shows t h a t  t he  c r i t i c a l  Grashof 
number, wavelength, and phase ve loc j  t y  o f  the i n s t a b i  l i t y  a re  p r e d i c t e d  
r a t h e r  w e l l  by l i n e a r  s t a b i l i t y  theory.  (However, t he  t heo ry  i s  unable t o  
account f o r  t h e  observed tendency f o r  le f t -handed  h e l i c e s  t o  be favored  f o r  
smal l  l i q u i d  gaps, even when C o r i o l i s  f o r c e  terms a re  inc luded  i n  t h e  
d i  f f e r e n t i  a1 equat i  ons l4) .  I n  t h i  s  s e c t i o n  t h e  nature o f  t h e  i n t e r f  ac i  a1 
i n s t a b i l i t y  and i t s  r e l a t i o n s h i p  t o  o t h e r  uns tab le  modes i n  t h e  system a r2  
considered. 
Marg ina l  s t a b i l i t y  curves f o r  a  r ad ius  r a t i o  o f  ~ = 0 . 0 2  a re  shown i n  F i g u r e  2. 
The parameters used i n  conlputing these curves are P=PS=2Za8, h=10170.0, 
kL /ks= l .  O, ~=0.0283, y=4.53(10-4), and LS=l.O. The numerical  r e s i i l t s  
i n d i c a t e  t 3 a t  s e t t i n g  €-y=O has a n e g l i g i b l e  e f f e c t  on t h e  marg ina l  s t a b i l i t y  
c l l rs /cs ,  and t h e  r e s t  o f  t h e  r e s u l t s  w i  11 a l l  correspond t o  t h e  case c=y=O. 
The c y l i n d r i c a l  i n t e r f a c e  i s  s t a b l e  f o r  Grasilof num5er-s l ess  than  176, and i s  
f i  r s t  unstable t o  an asynrnetri c, h e l i c a l  disturbance (n= l )  . For su f f i c i en t l y  
l a rge  Grashof numbers, the  system i s  actual  l y  unstable t o  several d i  f ferent  
types of disturbance, and f i v e  o f  these  odes are i nd i ca ted  i n  F igure 2. The 
curve; 1 abel l e d  "n=OU represent axi  symmetri c d i  sturbances, and those 1 abel l e d  
" n = l U  represent asycnrcetric d i  sturSances. For each o f  the curves l abe l  led 
" n = l "  there  i s  a l so  an i d e n t i c a l  curve w i t h  n=-1 which corresponds t o  an 
eigenmode t h a t  d i f f e r s  only  i n  i t s  symmetry; t h a t  i s ,  n= l  represents a 
lef t-handed he1 i ca l  disturbance and n=-1 represents a ri ght-handed 
disturbance. L i  near corzbi nat ions o f  n = l  and n= - i  modes \vhich are not h e l i c a l  
a re  a lso  possible. 
The upper three curves correspond t o  i n s t a b i l i  t i e s  t h a t  would a lso  occur if 
the  c rys ta l -ae l  t i nter face were rep1 aced by a ri g i d  i sotherna! wa1112,13,23. 
The t o ?  two curves correspond t o  hydrodynamic i n s t a b i l i t i e s  d r i  v2n by energy 
t rans fer red  from the main f low t o  the disturbance by the  ac t i on  o f  Reynolds 
st ress24 ("shear modes"), which represents mcmntum f l u x  due t o  convection. 
The t h i r d  curve (n=O) corresponds t o  i nstabi l i t i e s  due t o  energy t r a n s f e r  ky 
t h e  buoyancy forces ("buoyant modes"). For l a rge  K there are both n=O and 
n = l  buoyant nodes, but f o r  the  n= l  cast  as c i s  decreased the  unstable reg ion  
i nsi  de t h e  closed rnargi nal  s tab i  l i  t y  curves or=O (cf.  F i  gure 3) becomes 
smal ler  and smal le r .  Eventual l y  a -  becomes negati ve everywhere and the  
niargi nal  s tabi  1 i t y  curves vani sh a1 together. 
The 1 nwer two  curves i n F i  gure 2 represent the  net1 modes t h a t  appear when a 
cr.ysta1-melt i n t e r f a c e  t h a t  can change shape i s  present ra the r  than a r i g i d  
isothermal wall. The c r i t i c a l  Grashof number 6=176 occurs a t  a wavenumber 
~=1.35.  The disturbance takes the form o f  a t r a v e l l i n g  wave t h a t  moves i n  
the  upward di r e c t i  on, w i th  0~=1m(o)=-0.977(10-~).  (Mote t h a t  the unperturSed 
f lorv i s  d i r e c t e d  downward near t h e  i n t e r f a c e ) .  Th i s  va lue  o f  o i  corresponds 
t o  a  phase v e l o c i t y  t h a t  i s  two orders  o f  magnitude lover than  t h e  maximum 
f low v e l o c i t y .  B j  con t ras t ,  t h e  wavespeed f o r  t h e  buoyant mode i s  comparable 
t o  t h e  base f l o w  v e l o c i t y .  Values o f  G, w ,  and a i  a t  t h e  minimum o+each  of 
t3e  f i v e  curves a re  g iven  i n  Table I .  
The value o f  ~=O.92  trsed i n  F i  gure 2 i s  r ep resen ta t i ve  o f  t h e  values s tud ied  
by Fang, e t  al.14. A d e t a i l e d  numerical examinat ion o f  t h e  dependewe of 
t h e  c r y s t a l - m e l t  ~ n s t a b i l i t y  on tc shows t h a t  f o r  ~ > 0 . 8  the  l e a s t  s t ab le  mode 
i s  axisynlmetric; t h a t  i s ,  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  lowest  n= l  and n=O 
modes sh~.vn i n  F i  gure 2 a re  reversed. A q u a l i t a t i v e l y  s im i  1  a r  dependence on 
K i s  a l so  o b t a i n e d f o r  t h e  t o p  two shear modes i n t h e  zase of r i g i d  
boundari es23. 
The margi na l  stab1 i ty curves i n  F i  gure. 2 g i  ire values o f  G and w f o r  which 
ar=O. !dore genera l l y ,  a g r w t h  r a t e  i s  determined by each value o f  G and w ,  
rvi t h  d i f f e r e n t  growtrl r a t e s  ar(G,, ) assoc ia ted w i t h  each d i  s t i  n c t  mode of 
i nstab i  li ty. Su rp r i  s i  ng ly ,  t he  c r ys ta l -me l t  i n s t a b i l i t y  and t h e  shear 
i n s t a b i l i t y  w i t h  t h e  same value of n share t h e  same givowth r a t e  ar(G,w); t h a t  
i s, t h e  growth r a t e  a, va r i es  cont inuous ly  a long a  pa th  connect ing t h e  
marg ina l  s t a b i l i t y  curves f o r  t h e  c r y s t a l - m e l t  mode and t h e  shear mode. 'This 
r e s u l t  i m p l i e s  t h a t  t h e  c r ys ta l -me l t  mode i s  i n  f a c t  a  branch of t h e  o rd i na ry  
hydrodynamic shear mode. The f i v e  marginal  s t a b i l i t y  curves i n  F i gu re  2 
a r i s e  from j u s t  t h ree  d i s t i n c t  r e l a t i o n s h i p s  or(G,w) cor responding t o  t h e  n=G 
and n = l  shear [nodes and t h e  n=O buoyant mode. The c r y s t a l - m e l t  i n t e r f a c e  
apparent ly  destahi  li zes t h e  shear modes and a1 lows i n s t a b i  li t i e s  t o  occur a t  
s i  gni f i  a n t  l y  1  cwer $rashof  numbers. 
Th i s  r e l a t i o n s h i p  can be observed more e a s i l y  if t h e  Prand t l  number i s  
decreased, whi ch apparent ly  s t ab i  li zes t h e  crysta l -me1 t mode vh i  l e  'eavi  ng 
t h e  shear mode re1  a t i  ve l y  unchanged15. F i  gure 4 shows margi na l  s tab i  1 i t y  I 
. \ 
curves f o r  P=0.148, ~=C.02, and n = l  f o r  bo th  a  c r y s t a l - m e l t  i n t e r f a c e  ( s o l i d  j: 
curve)  and a  r i g i d  i sothermal w a l l  (dashed curve j  . The o ther  parameters have i ' 
t h e  same values 2s f o r  F igure  2, except t h a t  E and y have been se t  t o  zero. I 
The curves are s i m i l a r  f g r  w > l ,  w h i l e  f o r  w < l  t ne  development o f  t he  
c r y s t a l - m e l t  mode i s  c lea r .  Values o f  a i  f o r  b ~ ' ,  cases a re  a l s o  inc luded  i n  
t h e  b o t t o n  h a l f  o f  t h e  p l o t .  Ncte the  i a r g e  v a r i a t i o n  i n  a i  neat- w=l, 
i n d i c a t i n g  t h e  r e l a t i v e l y  slow wave speed o f  t h e  c r ys ta l -me l t  mode. As t h e  
P r a n i t l  n t r ~ b s r  i ncreasss f r o n ~  P=0.148 t o  P=22.8 t h e  marginal  s t ~ b i  l t y  curve 
n f  the  crys ta l -me It node drops down and t o  t h e  r i g h t  w h i l e  t h e  i n t e r i o r  
maxirhrm x i r  ~ = 1  ri szs sharply.  
I n  t h i  s  con tex t  t h e  c r y s t a l - m e l t  mode may be viewed as a  m o d i f i c a t i o n  of a  
hydt-odynanic i n s t a b l i t y  by t h e  e f f e c t  o f  a  phase t r a n s i t i o n  a t  one boundary. 
On t i l e  o t he r  hand, an e q ~ a l l y  v a l i d  i n t e r p r e t a t i o n  i s  t h a t  t he  
g rav i  t y - i  nduced f l o w  i n  t h e  me1 t a1 t e r s  t h e  rnorphol og i  c a l  s t ab i  !ty o f  t h e  
s o l i  d - l i  qu i  d i nter face.  Wi th  t h e  temperature i ncreas i  ng f rom t h e  i n t e r f a c e  
i n t o  t h e  l i q u i d ,  morphological  s t ab i  li t y  theory  p r e d i c t s  t h a t  t h e  c y l i n d r i c a l  
s o l i d - l i q l ~ i d  i n t e r f a c e  i s  s t ab le  t o  smal l  d is turbances i n  t he  absence of 
f l u i d  flow. The theory  a l s o  p r e d i c t s  t h a t  i n  o the r  circunistances a  
s o l i  d - l i  qui  d  i n t e r f a c e  may become unstab le  if t h e  l i q i ~ i  d  i s  supercooled25 o r  
if enol~gh s o l u t e  i s  added t o  t h e  l i q u i d 6  ( c o n s t i t u t i o n a l  supercool ing).  The 
c r y s t a  I-me1 t mode descr i  bed here i s  y e t  another i nstance o f  i n t e r f a c i  a1 
i n s t a b i l i t y ,  i n  t h i s  case due t o  a  buuya:icy-driven f low. 
The curve l a b e l l e d  G=3 i n  F i gu re  5  shows th?  9wth r a t e  ar<O o f  aspmet;- 'c 
d i  sturbances t o  t he  c y l  i n d r i  c a l  c rys ta l -me1 t i n t e r f a c e  i n  the  absence o f  
f l u i d  f low.  Fo r  a l l  wavenumbers w t h e  d is turbances a re  damped ou t  i n  time. 
I 
Tni s  curve represents  t h e  n = l  ve rs ion  of t h e  mode o f  i n t e r f a c i a l  deformat ion b i: 
i 
s tud ied  i n  c l a s s i  c a l  morphologi c a l  s t ab i  li t y  theory.  The o t h e r  curves show it 
how t h i s  mode i s  d e s t a b i l i z e d  by t h e  presence o f  t h e  g rav i  ty- induced f l u w  
p a r a l l e l  t o  t he  i m e r f a c e ,  w i t h  G=176 again corresponding t c  t he  c r i t j c a l  
Crashof number f o r  which t h e  i n t e r f a c e  i s  f <  r s t  unstable. I n  t h i s  f i g u r e  the 
temperature d i f f e r e n c e  SeLwee~ t h ?  i n t e - f a c e  and t h e  d ~ t e r  c y l i n d e r  i s  t he  
same f o r  a l l  curves, and t h e  #:ar iat ion i n  Grashof number may be considered t o  
be caused by d i f f e r e n t  vdlues ~ l f  t h e  grav i  t a t t o n a l  acce le ra t i on  g. The p o i n t  
t a  be emphasized here i s  t h a t  i t  i s  .he same e i  genrno , as i s  examined i r. 
morpholog ica l  s t a b i l i t y  theory  t h a t  i s  e x c i t e d  Sy t he  app l i ed  f l o w  f i e l d .  
For  t h i s  c a l c c l  a i i  on P=Ps=22. 8,LS=k~/k,=1.n, and H=57.8. 
The c r y s t a l - m e l t  mode ! s thus due L O  the  i n t e r a c t i o n  o f  t h e  n o n - r i g i d  
i n te r f ace  w i t h  t he  buoyant f l 3 ~  para1 1 ~  1 t o  t he  i n t e r f ace .  The dependence o f  
t h i s  node on t h e  s p e c i f i c  form o f  th!. f l o w  f i e l d  i s  considered next. For 
s i n ~ p l i  c i  t y  a  p l a n z r  geonetry w i l l  be considered. The o lanar  case a l so  
e x h i b i t s  a  c r y s t a l - m e l t  mode, a buoyant mode, and a shear model5, w i t h  a  
c r i  t i c a l  Grarhof number G=251, wavenumber ~ = 0 . 8 ,  arid t i m e  constant 
0 ~ = - 3 . 4 7 ( 1 0 - ~ )  f o r  P=Ps=22.8. and ~ = 1 . 0 1 7 ( 1 0 ~ ) .  
A na tu ra l  aues t ion  f rom Llie m e t a l l u r g i s t ' s  p o i n t  o f  view i s  whether t he  
i , ~ t e r f d c i a l  i n s t a b i l i t y  depends on ly  on t h e  f l u i d  f l o : ~  i n  the immediate 
v i c i n i t y  u f  t h e  i n t e r f a c e  o r  whether i t  depends i c s t e a d  on 3 e t d i l s  o f  t he  
f l cw  f i e l d  r a r t k r  ou t  from t h e  i n t e r f a c e .  For  exanple,  do s i m i  l a r  i ns tdb-  
i l i t ~ s  occur v~ht.n t h e  cub ic  v e l o c i t y  p r o f i  l e  o f  the b i~oyancy-d r i  ven f low i s 
rep1 aced by s imple Cquette o r  Poi seui 1 l e  f lows havi  ng 1 i near alld quad ra t i c  
v e l o c i t y  p r o f i  l e s ,  respec t i  ve ly? For  H=16.95, P=22.8, Ps=O, and ~ = 0 . 7 ,  i n 
t h e  absence o f  a1 1 f l u i d  f l o w  t h e  groisrth r a t e  o f  t h e  morphological  w d e  i s  
0,=-7.44(10-~). !lJi t k  buoyant f l o w  t he  c r y s t a l - m e l t  i n s t a b i l i t y  occurs f o r  a 
c r i t i c a l  Grashof number tha t  produc2s a ve loc i  by shear dw/dr=23.17 a t  tl!e 
i nterface. S e t t i  ng G=G and addi nq e i t h e r  enough Couetto o r  eacugh Poi seui  1 l e  
f low t o  produce t h e  same shear dw/dr=20.17 a t  t h e  i n t e r f a c c  a c t u a l l y  s t a b i l -  
i zes t h i  r mode, w i  t h  growth r a t e s  or=-1. ?9!11-1) and cr=-9.05(10-22, respec- 
t i v e l y .  The s t a b i l i z i n g  e f f e c t  i s  ccn ;t.ent w i t h  t h e  r e s u l t s  o f  k l i t s  5
showing t h a t  a f o r ced  f l o w  has a s t a b i l i z i n g  i nf luence  on a c o n s t i t u t i o n a l l y  
supercooled, advanci ng i nter fzze .  The ma t r i  x s t a b i  1 i t y  :ode was a? so 
em91 oysd t o  search f o r  i nstab i  1 i t i e s  over  some other. parameter rangec, b u t  no 
i nstances of i n t e r f z c i  a1 i nstab i  li t y  were observed f o r  e i t h e r  Couette 3r  
Poi seui 1 1 e i l  o,+. 
A r e l a t e d  ques t ion  i s  whether t h e  pu re l y  hyr'rouynami c i n s t a b i l i t y  t n a t  i s  
known t o  o c c ~ ~ r  f o r  p l ana r  Poi seui 1 l e  f13w24 a t  a Reynolds number o f  5772 i s  
a f fec ted by the  presence o f  a c r y s t a l - m c i t  i n t e r f a c e .  Th is  Reynolds number 
i s  based on t h e  maximum f l o w  v e l o c i t y  and t he  h a l f - w i d t h  o f  t he  l i q u i d  and 
corresponds t c  L much l a r g e r  shear r a t e  d ~ / d r = 4 . 6 2 ( 1 0 ~ j  a t  t h e  i n t e r f a c e .  
The e f f e c t  seems t o  be n e g l i g i b l e :  w i t h  H=16.95 and P=PS=22.8, t h e  c r i t i c a l  
Reynolds number i s  a l t e r e d  by on l y  0.003%. Figul-2 6 shows a p l o t  o f  or vs. w 
f o r  both t he  bydrodynami c mode ( s o l i d  curve) and t h e  morphological  mode 
(dashed curve) f o r  a Reynolds number R=5800. I n  cant.-st t o  t h z  btioyant :I 
case (F icu re  5) for  which t h e  shear mode co inc ides  w i t h  t h e  rnoryholog i ra l  
mode, these two modes remai n d i  s t i  nc t ,  w i t h  t h e  morphologica r mode s t a b l e  ? i d  
t h e  hydrod j  nami c mode j u s t  l lns tab le  a t  t h i  s Reynolds number. 
A more conservr t i ve  approach t o  the quest ion o f  the  dependence of the 
c rys ta l -me l t  mode on the v e l o c i t y  p r o f i l e  i s  taken i n  F igure 7, where a 
Couette f low i s superposed on a buoyancy-dri ven f 1 ow w i t h  a Grasnof nunber of 
G=600. The Couette f l ow  i s  generated by moving the ho t  wa l l  opposite the  
i n te r face  w i t h  a d iwns ion less  v e l o c i t y  V (again based on L/L) .  !4i t h  no 
add i t i ona l  Couette f low the  p lanar  i n te r face  i s  unstable f o r  0.28<w<0.93 a t  
G=600, and t h i s  unstable range o f  wavenmbers corresponds t o  the  i n t e r v a l  
i nsi  de the  closed s o l i d  curve w i t h  V=O. The s o l i d  cut-ve i s  the  marginal 
s tab i  li t y  curve w i t h  V and u considered as parameters, and the  planar i n t e r -  
face i s  unstable outs ide the  curve a ~ d  i s  unstable i n s i d e  it. The f igure  
ind ica tes  t h a t  t h e  i n t e r f l c e  becomes s tab le  i f  enough Couette flow i s  
present. For  G=600 the net  flow i s  nowhere downward f o r  V>50 acd i s  nowhere 
f o r  V<-5.25, so t h a t  the f i g u r e  ind ica tes  t h a t  the  crysta l -mel t  
i n s t a b l i t y  can occur even when the f l ow  i s  un id i rec t i o !~a l  (-11.23<Vi-6.25). 
The s t a b i l i z a t i o n  f o r  l a rge  I V /  i s  consis tent  w i t h  the  argument t h a t  the 
ex i  stenre ~f the  c r y s t a l  -:.]el t i nstabi li ty  h i  nges upon the pr-esence of the 
shear i ns tah i  li ty ,  since i n  t he  l in i  t o f  pure Couette motion i t  i s  known t h a t  
the  f l ow  f i e l d  i s  s tab le  t o  a l l  i n f i n i t e s i m a l  disturbancesz4. The exact 
de ta i  1 s of t he  i n t e r a c t i  on are not  s t ra ight forward,  however, s i  nce, f o r  exam- 
ple, as V decreases from zero the  range o f  ~ n s t a b l e  values o f  o decreases, 
then increases, -d f i n a l l y  vanishes. Values f o r  a i  are inc luded as the  c 
dashed curve 3 rr :'! ~ u r e  7. The Couette f low a l t e r s  the  wavespeed considerably; i 
note, however, t h a t  a i  remaim negative, w a n i n g  t h a t  the  t r a v e l l i n g  wave I- 
s t i l l  moves upward. 
I t  i s  perhaps v:orth ,..rp5asi z i  ng tha t  the  existence o f  the crystal-me1 t mode 
does not seem t o  ue a simple consequence of the  cubic v e l o c i t y  p r o f i l e .  The 
i nstabi 1 i  ty  exhi oi t s a strong depeildrnce on Prandtl nunber15, whereas both 
the unperturSed velocity f ie ld  and the unperturbed temperature f ie ld are 
i ndependent of Prandtl i;mber. For small Prandt 1 numbers, i n whi ch case the 
perturbed temperature becomes negi gi ble, the crystal-inel t mode i s found t o  
revert t o  the hydrodynamic shear instabi l i ty  t h a t  i s  present for rigid 
boundaries. For large Prandtl nmbers the c r i t ica l  Grashof nunber of the 
c r y s t a l - ~ e l t  mode i s  inversely proportional t o  the Prandtl nunber, so that 
the Raylei gh nmber gi von by the product PG approaches a constant for  large 
P. Some simplification of the governing equztions can be acheived for  iarge 
Prandtl nmbzr, b u t  the analysis of the resulting system s t i  11 appears t o  be 
compl i :z:?d. 
The obsermied 5elical instabi l i ty  results from a coupling between t3e  
hyQrodyq3~ic shear i nstabi 1 i  ty associ ated w i t h  the buoyant flow and the 
~ o r p h o l o ~ i  cal node of i nterface defomati on that ari  ses i n ordi nary 
morpho I ogi cal stabi l i  ty  theory. Tne rnorphologi ca1 nod? :!~?ar,ntly does not 
couple t o  the buoyant mode, which i s  actually less s tabls  t h a n  i s  the shear 
mode for  SCN, nor does i t  couple t o  the hydrodynamic i nstabi 1; t y  associated 
with a Poiseuille flow. In one example, the addition of enough Couette flow 
stab'lizes the crystal-melt interface, al:hough i t  i ;  possible t o  retain the 
helical ins tab i l i ty  while adding eno~gh Couette flow t o  ensure that the flow 
i s everywhere unidirectional. The cbserved tendency f o r  left-handed helices 
t o  occrlr a t  small liquid gaps i s  not explained by the tiieory. A convincing 
physical argl~rnent that explains the coupling between the shear. [node and the 
i n t e r f ~ c e  i s  also lacking. 
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TABLE I 
Table I. Approximate minimum Grashof numbers G ,  axial wavenumbers o, time 
constant ai, and azj.mutha1 wave number n for  the f i v e  neutral stability 
curves shown in Figure 2. 
FIGURE CAPTIOKS 
Figure 1. Side view of the s t a b l e  c y l i n d r i c a l  mode ( a ) ,  and h e l i c a l  mode (b).  
The black spot  on the  r i g h t  hand s i d e  is the p r o f i l e  of a thermistor  t h a t  
d e t e c t s  temperature v a r i a t i o n s  i n  the  c r y s t a l .  
F igure  2. The Grashof number a t  t h e  onset  of i n s t a b i l i t y  a s  a func t ion  of the  
a x i a l  wavenumber w of a s inuso ida l  per turbat ion.  The lowest two modes occur 
only f o r  a c rys t a l -  melt i n t e r f a c e ,  while t he  higher th ree  modes occur f o r  
both a c rys ta l -mel t  i n t e r f a c e  and a r i g i d  in tc r facz .  The curves are l abe l l ed  
wi th  the  azimuthal wavenumber n. 
Figure 3. The Grashof number a t  t h e  onset  of i n s t a b i l i t y  a s  a func t ion  of t he  
a x i a l  wavenunber u of a s fnusoide l  per turba t ion  f o r  t he  n=1 buoyant mode with 
r i g i d  boundaries. The s o l i d  curve corresponds t o  a rad ius  r a t i o  ~10 .325 ,  and 
t h e  dashed curve t o  c=0.292. 
Figure 4. The Grashof number G ( t op  curves) and the time constant  -a1 (bcttom 
curves)  a t  t h e  onset  of instability a s  a f u n c t i o t ~  of the a x i a l  wavenumber w 
of a asyminetric per turba t ion  f o r  P rand t l  number Pz0.148, r ad ius  r a t i o  
K=O. 148. The s o l i d  curves correspond to  crystal-melt  boundary condi t ions,  
and the  Cashed curves t o  r i g i d  wal l  bovS.ndary conditions.  
F igure  5. The growth r a t e  or  as a func t ion  of a x i a l  wavenumber w f o r  
a s y m e t r i c  per turba t ions  f o r  GPO, 90, 176, and 350. The lowest curve wi th  
G=O corresponds t o  t he  morphological =ode i n  the  Mullins-Sekerka theory ( i n  
t h i s  case s t a b l e ) .  
Figure 6. The growth rate a, a s  a funct ion of the a x i a l  wavenumber w f o r  
d i s turbances  i n  a p lanar  g ~ o m e t r y  with Reynolds number 5800. The uns tab le  
hydrodynamic mode ( s o l i d  curve) is d i s t i n c t  from the  s t a b l e  morpholog~eal  
mode (dashed curve). 
Figure 7. The Couette flow ve loc i ty  V and the  time constant - a i  a s  a funct ion 
of the v e r t i c a l  wavenumber w a t  the  onset of i n s t a b i l i t y  i n  a p l a ~ a r  
geometry. The Grashof number G is f ixed a t  G-600. Phe reqion in s ide  t he  
closed s o l i d  curve corresponds t o  unstable  values ,  the  region outs ide  
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ABSTRACT 
The effect o f  a forced Couette f low, para l le l  t o  a horizontal crystal- 
melt interface during direct ional  so l id i f i ca t ion  o f  an a l l oy  o f  lead 
containing t in,  on the onset o f  convective and mrpLologica1 i ns tab i l i t i es  
i s  calculated numerically via a l inear  s tab i l i t yana lys i s  Such a flaw 
does not af fect  perturbations wi th  wave vectors perpendicular t o  the 
flw. The onset of rorpltological instability i s  smwhat  suppressed and 
thermosolutal convection i s  greatly suppressed. Yhen instabi  1 i t i e s  occur, 
they are osc i l la to ry  and correspond t o  t ravel? ing waves. For values of 
the crystal  grawth velocity f o r  which mixed norphological and convective 
modes occur, the presence o f  a forred flaw produces suff ic i  ent decwpling 
t o  a1 law formerly degenerate branches t o  be i denti Pied. 
1. INTRODUCTION 
The onset of natural convection and morphological i nstabi 1 i t y  during 
vert ical  directional so l id i f icat ion o f  a binary a l loy has been calculated 
previously by l inear stabi l i t y  analysis [I-61. For given growth conditions, 
i t  i s  we1 1 known that the crystal elt interface i s  morphologically 
unstable i n  the presence of suff ic ient ly large solute concentrations [7]. 
For growth vert ical  l y  upwards toward a hotter f I u i d  whose dettsi t y  decreases 
with increasing terperature, and i n  the absence of horizontal gradients, 
the f l u i d  i s  convecti vely unstable (therrosolutal convection) f o r  solute . 
concentrations above sole c r i t i c a l  value provided that  a solute which i s  
reject ;d a t  the crysta l - l t  interface i s  less dense than the bulk melt 
o r  a solute that  i s  preferential ly incorporated 4 t  the crystal  ..re1 t 
interface i s  aore dense than the bulk me1 t. It I s  we1 1 known that such 
therrosolutal convection can occur even i f  the unperturbed f l u l d  density 
decreases with height [83 because o f  the different rates a t  which her t  - 
and solute diffuse. For the s o l ~ d i f l c a t i o n  o f  lead containing t i n  with a 
tenperature gradient i n  the .elt of 200 Vcn. i t  was found [I] that  the 
node o f  instabi  li t y  a t  onset corresponds t o  t h e m s o l u t a l  convection f o r  
grarth veloci t ies less than about 40 ~ / s  and t o  ror phological i n s t a b i l i t y  
above t h i s  velocity. I n  the v i c i n i t y  of t h i s  t rans i t ion velocity, there 
are m i  xed modes that i nvoi vc corplex i nteract i  on between convective and 
morphological instabi li ties. 
Delves [9-111 has calculated the efferf .NI wrphological s t a b i l i t y  
of a fsrced f l o w  para l le l  t o  the unperturbed crystal  aelt interface. Such 
a flow has no effect on interface shape perturbations with wave vector . t 
perpendicular t o  the d i  rection of the flow, but usual 1y increases the 
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c r i t i c a l  concentration for  morphological instabi li ty, and gives r i se  t o  
traveling waves, fo r  perturbations wi th  wave vector para l le l  t o  the 
direction of the- f low. Similarly, i t  i s  known that a Couette shear f l ow  
stabi l izes perturbations with wave vector para l le l  t o  the direct ion of 
flow for Rayleigh-Benard convection, i.e., a pure l i qu id  heated from 
below f12-141 and fo r  t hemso lu ta l  convection wi th  l inear  solute 
and temperature f ie lds C153. 
I n  t h i s  a r t i c l e  we report numerical resul ts for the effect of a 
forced f l u ia  velocity, para1 l e l  t o  the crystal-melt interface and varying 
l inear ly  with distance from the, interface (Couette flow), on the onset of 
convective and morphological i ns tab i l i t i es  during the direct ional  solid!- 
f icat ion o f  lead containing t in,  Since perturbations wi th  wave vector 
perpendicular t o  the f l o w  directfon are unaffected by the flow, the 
results obtained here are f o r  perturbations wi th  wave vector para l le l  t o  
the direct ion o f  flw. Our resul ts extend those o f  Delves t o  include 
thermosolutal convection and extend our previous work on thernosolutal 
convection t o  include a forced flow. Uhen a forced flow i s  included, the 
f ;stabi l i t y  i s  osci 1 la tory  .and corresponds t o  travel fng waves. In ym!!ral, 
we f i nd  tqat the forced f lw stabi l izes perturbations wi th  wave vector 
para l le l  t o  the f l o w  i n  the ses;e that ihe c r i t i c a l  conce~ i t r~ t i on  for 
t h e i r  i ~ s t a b i l i t y  i s  larger than i n  the absence o f  such flow.. Yawever, 
unless perturbations with wave vector perpendicillar t o  the f l a w  are 
ahsent or  can bc otherwise suppressed, the onset o f  instabi  1 i t y  w i  11 
occur a t  the same concentration as i n  true absence o f  forced f lw but w i l l  
correspond t o  two-dimensional r o l l s  wi th  the axes of the r o l l s  para l le l  
t o  the flow directicn. 
2. THEORY 
We consider mid i rect ional  so l id i f i ca t ion  at  constant velocity V i n  
the vert ical  direct ion of a binary a l loy with an i n i t i a l l y  planar interface. 
We choose a moving coordinate system (x, y, z) attached t o  th i s  planar 
crystal  -1 t interface located at  z = 0 with the z-axis directed i n to  the 
melt and ant i  para1 l e l  t o  the gravitat ional acceleration. The basic 
equati cns and boundary conditions govern1 ng the convective and mrphologi cal 
s t a b i l i t y  of t h i s  system have been derived previously [I ,3] and w i  11 
sinply be stated here. The f l u i d  veloci ty JL', the tenperature 1'. the 
concentration C '  , and the crystal-melt interface shape z s ~  may be expressed 
i n  the form 
U' - k ( z )  +#z)  F(x, Y, t ) .  N .r 
1' To(z) + T(z) F(x, Y, t ) ,  
c '  C0(z) + C(Z)  F(x, y, t ) ,  
ZSL = 6 F(x, Y, t ) ,  
where the subscript o indicates the unperturbed fiields which are functions 
of z alone, 6 i s  the i n i t i a l  a l~pl i tude o f  the perturbed interface, N U, T and C 
express the dependence o f  the perturbed f l u i d  veloci ty , . temperature, and 
concentration. on z and F(x, y, t) = exp [at + i(-x + r y ~ ) ] .  The complex 
number o governs the dependence on t i m e  t o f  the perturbed f i e i  f;, and 
wx and 9 are spat ial  frequencies. The system i s  unstable if the 
real part  o f  u i s  posi t ive f o r  any values o f  % and 9. The 
unperturbed temperature and concentration f i e lds  depend exponentially on . 
z. The unperturbed flow f i e l d  i s  o f  the fo tmio(z)  = Lq(z) -,&cV. 
with = ( p S / p ~ )  - 1, where ps and p i  are densities of crystal 
and melt, respectively; we measadre f l u i d  veloci t ies I n  the laboratory 
frame. The function q represents a forced flw ifi the x-direction 
para1 l e l  t o  the unperturbed crystal -melt interface: we shall  la ter  take 
q t o  be l inear i n  z i n  our calculations. 
The linearized d i f fe ren t ia l  equatfons that govern s t a b i l i t y  are 
LC& + v*(d/dz) - =I - i%(qL - d$/drZ)} Y = g J ( ~ ~  + %c). 
{KL + V*(d/dz) - u - i%q}T = [dTo/dz)U, 
(OL + V*(d/dz) - a - iwq}C = (dCo/dz)W, (2) 
where W i s  the z-conponent o f  U, v i s  the kinematic viscosity, V* = (1 + e)V, 
rv 
L = (d2/dz2 - $1, u2 '= (4 + ) g i s  the magnitude o f  the gravitat ional 
acceleration, a and a~ are coeff icients used t o  express the 
change ir! f l u i d  density p from a reference density gb. viz., p = vO[1 - af' - a&'], 
K i s  the thermal d i f f u s i v i t y  and 0 i s  the di f fusfon coeff icient. The 
unperturbed tenperature and concentration gradfents are 
(dTo/dz) = GL exp (-V*Z/K) 
and 
(dCo/dz) = G, exp i -V*z/D) , 
where GL and Gc are the teqerature and concentration gradients a t  the 
unperturbed crystal-laelr fnterface z = 0. 
The 1 ineari zed boundary conditions a t  z = 0 are [I, 31 
W = -ea6, 
(dU/d~) = [tf + iq(dq/dz)]6. 
kS%T - k~(dT/dz) = 6(aLv - ( v *k~G~/u )  + (VkSGS/~S) - ksws(G~ - GS) 1, 
VC + (0/[(1 + c ) ( l  - k)])(dC/d~) -6aVGck/(k - 1 ) ]  + c,.u/~ 1. 
2 d - T = 6(GL - mGc + T,rw 1, (3)  
where k~ and kS are the thermal conductivities of the melt and crystal, 
respectively, cS i s  the thermal d i f f u s i v i t y  of the crystal, 
= -(V/2rS) + [ ( v / z ~ ) ~  + 0' + J K ~ ] ' ~ ~ ,  Lv i s  the la tent  heat per u n i t  
voiuve o f  the crystal ,  GS = (VL, + kLGL)/ks, k i s  the d i s t r i bu t i on  ccef f ic ient ,  
c, i s  the solute concentration f a r  rrm the interface, Gc = V*c,(k - l ) / (Dk),  
m i s  the l iquidus slope, TM i s  the w l t i ~ g  point  o f  the pure crystal  w i th  
a planar interface, and r i s  a capi:lary constant, i.e., the r a t i o  of the 
crystal-melt surface tension and Lv. The i n i t i a l  in ter face anplitude 6 
can be el iminated from eq. (3) t o  obtain four boundary conditions involv ing 
only W ,  T and C. 
The boundary conditions far  from the inter face a t  z = z~ are 
W = (dWldz) = (dT/dz) = C = 0. (4)  
As long as z~ i s  su f f i c i en t l y  large, the numerical resu l t s  w i th  (dqldz) 
constant are independent o f  z~ and independent of whether D i r i ch l e t  or  
Neumann boundary conditions are speci f ied f o r  the perturbed temperature 
and concentration f ie lds.  
It i s  apparent f roa the d i f f e r e n t i a l  equations and boundary conditions 
t93 t  q and i t s  der ivat ives appear only when mu l t ip l i ed  by N. Therefare, 
clefi n i ng e such t ha t  ux = w cos 9 and r ~ y  = u s i n  e, the  
solut ion depends only on w and q cos 0. Without any loss of 
gene: ' i t y ,  we take e J 0 i n  our calculat ions since resu l ts  for other 
~ 3 1 ~ ~ ~  o f  3 can be obtained by replacing q by q cos e. Clearly, 
i f  e = r/2, i.e., wX = 0, the inposed flow f i e l d  :.as no 
e f f ec t  on the c r i t i c a l  concentration f o r  the onset o f  i n s t a t i l i t y .  
The numerical methods hhve been $escribed previously [I]. The 
d i f f e ren t i a l  equations are rewr i t ten as a set o f  16 rea l  f i r s t  order 
equations. They are solved by using the software SUPORT 11 61 
develo~ed f o r  l i nea r  boundary value problems. We set  or, the real  
part  of a, equal t o  zero and i t e ra te  on c, and ai, the imaginary par t  
of a, usi'3g the non-1 inear equatiort solver SNSQE [ I  7-18], unt i  1 we f ind 
a solut ion o' the d i f f e ren t i a l  equations that  sat icF ies the boundary 
conditions. In a d d i t i m  t o  the tests of the code described previously 
[I], we have reproduced resu l ts  of Gersting and Jankowski [19] fo r  the 
Orr-Somnerfeld equation and o f  Gallagher and Mercer [14] f o r  Rayleigh- 
Benard convection wi th shear. 
3. RESULTS 
Numerical calculat ions have been car r ied out  f o r  l e j d  containing t i n  for  
c rys ta l  growth ve loc i t ies  o f  2, 40, and 200 m/s w i t h  GL = 200Klcm, .y = 0, 
and E = 0. The prcpert es o f  the lead- t in  system used i n  the calcu.lations 
are given i n  Table 1 o f  reference 1. We take q(z) = Sz, where the constant 
S determines the amount o f  shear i n  the forced flow f i e l d -  
We f i r s t  give resu l ts  f o r  a r e l a t i ve l y  low growth ve loc i ty  ( V  = 3 m/s)  
for  which the mode o f  i n s t a b i l i t y  a t  onset corresponds t o  t h e m s o l u t a l  
convection [I J. Then we tu rn  t o  3 r e l a t i v e l y  h igh ve loc i ty  (V = 200 PIS) 
f o r  which the mode i s  morphological. F ina l l y ,  we consider an fntenaediate 
ve loc i ty  a t  which mixed modes prevai l .  
For V = 2 m l s ,  the mode o f  ins tab i  1 i t y  a t  onset i s  t h e m s o l u t a l  
convection which occurs a t  a bulk concentration c, = 3.61 5 (10 -~ )  wt.% fo r  
S = 0, i.e., f o r  the absence o f  forced convection. I n  the absence of a l l  
convection, morphological ins tab i  1 it1 would not occur un t i  1 C r  = 3.899 wt.%. 
We characterize the amount o f  shear, S, o f  trre forced flow f i e l d  by the 
e f f ec t i ve  veloci ty SD/V which i s  the value o f  q a t  a distance D/V i n t ~  
the l i qu id .  The ef fec ts  o f  shear on the c r i t i c a l  concentpatior, wave- 
length, 2n/w, and wave speed, - q /~ ,  a t  the onset of ins tab i  1 i t y  are 
shown i n  Figures 1-3, res7ect ive ly .  The c r i t i c a l  concentrat ion and wave 
speed increase w i th  increasing shear. The wavelength decreases, reache5 
a minimum, and then slowly increases as the shear increases. For 
SD/V = 0.087 cm/s, the c r i t i c a l  concentrat ion i s  about 100 times tha t  f o r  
no forced flow. The wave speed i s  conparable t o  SD/V and i s  about 350 
times the c r y s t a l  growth ve loc i t y  f o r  SD/V = 0.087 cm/s. 
For V = 200 m/s ,  the mode of i n s t a b i l i t y  i s  morphological and 
occurs a t  a bulk concentration o f  0.0554 wt.% f o r  S = 0. For t h i s  
case, an overstable convective mode [5] does not  occur u n t i  1 c, E 3.7 w t  .%. 
The c r i t i c 3 1  concentration, wavelength, and wave speed as a funct ion of SD/V 
are  shown i n  Figures 4-6, respect' ive:~. As SD/V increases, the c r i t i c a l  
concentrat ion and wave speed increase whi 1 e the  wave1 ength decreases. 
Extremely la rge  shear i s  requi red t o  increase the  c r i t i c a l  concentration, 
e.g., S = 1 o3 s - l  (which corresponds t o  SD/V = 1.5 cm/s) increases the 
c r i t i c a l  concentrat ion by about 50%. For SD/V = i .5 cmls, the wave speed 
of 6.5(10-3) cm/s i s  about one t h i r d  the  c r y s t a l  growth ve loc i ty .  The 
magnitude o f  the shear requi red t o  i ncreaf e the  c r i t i c a l  concentrat ion 
f o r  morphological s tab i  1 i t y  i s  i n  general agreement .with the calculat i .ons 
of Delves [I 1 ] f o r  gal 1 ium-doped germanium. 
A t  a c r y s t a l  growth ve loc i t y  of 40 m/s,  the  onset of  convectiv? 
and morphological i n s t a b i l i t y  occut 3~ about the same concentration, and 
the mode o f  i ns tab i  1 i t y  (see Fig. 1 o f  reference 1 and Figs. 2-4 of 
reference 3 )  i s  mixed. The e f f e c t  o f  shear on t h i s  i n s t a b i l i t y  i s  
shown i n  Figures 7-9 f o r  S = 10-2, 10-1, and 1 s-1, respect ive ly .  The 
c r i t  :cal  concentrat ion and a i  are p l o t t e d  as funct ions o f  the  spa t i a l  
frequency U. The onset o f  i n s t a b i l i t y  occurs a t  the mininum value of 
c, as a funct ion of . We i d e n t i f y  the minimum a t  la rger  values of 
w w i t h  morpholagical i n s t a b i l i t y  (dashed curves) and the mininum a t  
smal l e r  values of w wi th  convective i n s t a b i l i t y  ( s o l i d  curves). For 
S = 0.01 s-1, the curves are s i m i l a r  to ' . the S = 0 curves (Fig. 3 of  
reference 3) .  For f i n i t e  S, a i  i s  general ly non-zero, whi l e  fo r  
S = 0, a i  v a n i s h ~ s  i d e n t i c a l l y  f o r  a range of QJ values. As S increases, 
the convective and morphological modes appear t o  decouple. For S = 1 s-1, 
the concentrat ion curves appear t o  cross each o ther  w i t3  l i t t l e  i n t e r -  
act ion:  however, a i  o f  the m r p h o l o y i c a l  mode change: s ign  near the 
crossing point .  I n  Fig. 7, the  minirmm o f  the convective branch 
occurs a t  a smaller value o f  c, than i n  F ig.  9; the minima i n  the  
morphological branches occur a t  essent ia l  l y  the  same value of c,. 
DISCUSSION 
Extension o f  our previous work on coupled convect ive and n.r.rphological 
i n s t a b i l i t i e s  t o  inc lude a forced f low p a r a l l e l  t o  the  i n t e r f a c e  af fects 
per turbat ions w i t h  wave vectors along the  forced flow i n  the  fo i lowing 
ways: (1) the onset o f  morphological i n s t a b i l i t y  i s  somewhat suppressed 
and the onset of thermosolutal convectlon i s  g rea t l y  suppressed; (2) .  t h e  . 
r e s u l t i n g  i n s t a b i l i t i e s  are o s c i l l a t o r y  and correspond t o  t r a v e l l i n g  waves; 
(3)  f o r  values o f  the growth $#eloc i  t y  f o r  which mixed morphological and 
convective modes occt- ,  the  presence o f  a forced f low produces s u f f i c i e n t  
decolrpl i n g  + I a1 low formerly degenerate branches t o  be i d e n t i  fied. 
Roughly speaking, a forced f low tends t o  smooth inhomogeneities i n  t he  
temperature, concentration, and f low f i e l d s ,  along ' - d i r e c t i o n  of the  
flow, t h a t  would otherwise form spontaneously and lead t o  i n s t a b i  1 i t i e s .  
It should be emphasized tha t  the above r e s u l t s  were calculated fo r  the 
case o f  a very simple f low ve loc i t y  q = Sz (Couette f l o w )  which i s  known 
t? be hydrodynamically s tab le  t o  i n f i n i t e s i m a l  disturbances fo r  a1 1 
values o f  S [20]. Other flows tha t  can be hydrodynamically unstable, 
such as those recent ly  inves t iga ted  [21], can lead t o  s t rong des tab i l i z i ng  
i n t e r a c t i  onc between convecti ve and morphological modes, even thoilgh the  
f low f i e l d  near the i n te r face  i t s e l f  could be approxirtiated by Couette 
flow. Flgws w i t h  ;hear ra tes  conparable t o  those found t o  u2 s i g n i f i c a n t  
i n  the  present paper have been produced dur ing eutect  i c  s o l i d i f i c a t i o n  by 
r o t a t i o n  of the  c r y s t a l  [22]. Other f lows re la ted  t o  hor izonta l  temperature 
gradients hdve beec calculated by Chang and Brown [23] and shear rates a t  
the i n t e r f a c e  can be calculated from such flows. These flows are, however, 
much more complex than the  simple Couette f low t rea ted  here and great 
caut ion should be excercised i n  the  appl icat ior !  o f  our r e s u l t s  t o  such 
s i tua t ions .  
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F IGUUE CAPTIONS 
F i  9. 1 . The c r i t i c a l  concentration c, of t i n  i n  lead fo r  the onset 
of  thermosolutal convection as a function o f  SOIV for a grarth 
veloci ty V o f  2 m/s and a t q e r a t u r e  gradient 6~ i n  the 
1 i qui d of 200 Ucm. 
Fig. 2. The wavelength 2.10, o f  s i~lusoidal  perturbations a t  the 
onset o f  t hemso lu ta l  convection as a function of SD/V f o r  
condi ti ans corresponding t o  those given i n  F i  g. 1. 
Fig. 3. The wave speed (-~il~) o f  sinusoidal pe r tu rba t i c~s  a t  the 
onset of thermosolutal convection as a function of SDIV for 
conditions corresponding t o  those given f n  Fig. 1. 
Fig. 4. The c r i t i c a l  concentration r o f  t i n  i n  lead f o r  the onset 
~f mrphologi cal i n s t a b i l i t y  as a function o f  SDIV f o r  a g r w t h  
veloci ty V of 200 ~ 1 s  and a terperature gradient 6~ i n  the 
I i qu id  of 200 U/cr. 
Fig. 5. The wavelength 2 ~ 1 ~  of sinusoidal perturbations a t  the 
onset of aor~hologi  cal instabi 1 i t y  as a function o f  SDIV for 
ccnditions corresponding t o  those given 1n Fig. 4- 
Fig. 6. The wave speed (-ail@) of sinusoidal perturbations a t  the 
onset of aorphological i n s t a b i l i t y  as a function of SDIV for 
conditions correspond . ;o those given i n  Fig, 4. 
Fig. 7. The concentration G o f  t i n  i n  lead and ui a t  the oaset 
~f i n s t a b i l i t y  during direct ional  so l i d i f i ca t i on  a t  V = SO m/s 
A S  a f u ~ c t i o n  o f  spatial frequency u of a sinusoidal perturbation 
for r shear S = 0.01 sol and a t c q e r a t u n  gradient GL i n  the 
1 iqu id of 200 Ucm. The dashed curves correspond t o  morphological 
modes and the sol i d  curves correspond t o  themso lu ta l  convection. 
Fig. 8. The concentration c, of t i n  i n  lead and ai  a t  the onset of 
i n s t a b i l i t y  during directional so l id i f i ca t ion  a t  V = 40 w/s  as 
a function of spatial frequency t,~ of a sinusoidal perturbation 
for a shear 5 = 0.1 s- l  and a teaperature gradient GL i n  the 
1 iqu id  of 200 K/cm. The dashed curves correspond t o  norpho~ Jgical 
modes and the sol i d curves correspond t o  t h e m s o l  u ta l  convecti on. 
Fig. 9. The concentration c. o f  t i n  i n  lead and 4 a t  the onset of 
i n s t a b i l i t y  during directional so l id i f i ca t ion  a t  V = 40 m/s as 
a function of spatial frequency w o f  a sinusoidal perturbation 
for a shear S = 1.0 s-I  and a taperaturn gradient 6L i n  the 
l i q u i d  o f  200 K/ca. The dashed curves correspond t o  aorphological 
modes and the so l i d  curves correspond t o  themso lu ta l  convection. 
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APPENDIX D 
CONVECTION- INDUCED DISTORTION OF A SOL ID-LIQUID LliTERFACE 
R. J. Schaet'er and S. R. C o r i e l l  
Metal lurgy D iv i s ion  
National Bureau o f  Stand. >ds 
Washington, D.C. 20234 
ABSTRACT 
Measurements of convective f low f i e 1  ds and s.01 i d-1 i qui  d in te r face  
shapes d u r i ~ g  the  s o l i d i f i c a t i o n  o f  a b u r e  and a s l i g h t l y  a l loyed 
transparent mater ia l  reveal t h a t  t he  convective t ranspor t  of so lu te  can 
cause a ~nacroscopic depression t o  develop i n  t he  so l  i d - l i q u i d  in te r face .  
This e f f e c t  occurs under condi t ions c lose t o  those which are predic ted t o  
produce morphological i nstabi 1 i t y  o f  a p lanar  i ntert 'ace. A c e l l u l a r  o r  
d e n d r i t i c  microstructure l a t e r  deve1r.p~ w i t h i n  t h e  i n te r face  depression. 
. . 
The convection i s  a t t r i b u t e d  t o  the  e f f e c t  o f  r a d i a l  tenperature gradients 
i n  the  c r y s t a l  growth apparatus. 
I. I NTRODUCT I ON 
During unidi rect ional  growth o f  a c rys ta l  by a Bridgeman or  s im i la r  
process, convection i n  the l i q u i d  phase can be dr iven be several forces. 
I n  the presznce o f  gravi tat ional  forces, the most inportant  source of 
convect i ve f 1 ow i s  ord i  na r i  l y  the density dif ferences due t? tenperature 
and conposition differences w i th in  the sallple. Addit ional flow can be 
driven by the volums change which accorrpanies the phgse change, ar,d if 
any free surfaces (1 iquid-vapor o r  l iquid-! i quid) are present, surface 
energy gradient (Marangoni ) f l m s  are possible, The l a t t e r  two types of 
flow 8re present even i n  the absence o f  grav i ta t iona l  forces. 
In  the presence o f  gravi tat ional  forces, density-induced convective 
flow can bc a v o i ~ e d  d u r i n ~  crys ta l  growth i f  special condit ions are met. 
In a pure material i t i s  su f f i c i en t  tha t  the tenperature increase w i t h  
height ( f o r  a norm1 materi a1 which expands w i th  increasing teqera tu re )  
and tha t  no gradients be present i n  the hcr izontal  d i rect ions.  
I f  a solute i s  present, the s o l i d i f i c a t i o n  process w i l l  lead t o  
conposition differences ahead of the so? i d - l i qu i d  interface. If the  
rejected solute i s  l w e r  i n  density than the solvent, the conposition 
differences can lead t o  a t.hermo-soluta1 conrecti  ve i n s t a b i l i t y  . The 
conditions which lead t o  t h i s  i n s t a b i l i t y  are not  simply t ha t  the density 
i n  some region increase wi th he1 ght: the condit ions are determined by an 
analysis o f  the behavior o f  elements o f  the f l u i d  which are displaced 
v e r t i c a l l y  [I, 2, 31. 
When convective flow occurs, i t  red is t r ibutes both heat and solute 
i n  the l i q ~ i d  phase, and tnus causes the tenperature and concentration 
f i e l ds  i n  t h i s  phase t o  d i f f e r  from those which would be calculated on 
the basis of d i f fus ive  transport alone. As a resul t ,  the conposition of 
the crys ta l  as i t  grows w i l l  be less homogeneous than would be possible 
i n  the absence o f  convection. A steady s ta te  flaw pat tern can resu l t  i n  
l a t e ra l  segregation whi l e  a non-steady f low pat terc  w i l l  produce addi t ional  
1 ongi tud i  nal non-uni formi t y  . 
Because convective flaw can modify the tenperature and solute f i e l d s  
i n  the l i q u i d  adjacent t o  the so l i d - l i qu i d  interface, it can cause loca l  
var iat ions i n  the conditions which determine the mrphologi  cal  stabi 1 i t y  
14) of the so l id - l i qu id  interface. Thus f o r  exanple it can lead t o  t he  
growth of c rys ta ls  which contain 1,calized regions o f  c e l l u l a r  microstructure 
w i th in  an otherwise c e l l  -free matrix. When a h igh ly  u n i f o ~  c rys ta l  i s  
needed, i t  may thus be essential t o  keep these convecti t e  ef fects under 
control.  
I n  t h i s  paper we present observations o f  convective phenomena during 
the s o l i d i f i c a t i o n  o f  a transparent 'a1 loy*  system, succi n o n i t r i  l e  
containing ethanol. The conditions which lead t o  the onset of thermo- 
solut.al convective and i n te r f ac i a l  (morph~logical  ) i n s t a b i l i t i e s  i n  t h i s  
system are calculated, and other sources o f  convectf ve f l o n  are considered. 
11. THEORY 
The stabi  ! i t y  o f  the un id i  r e c t i  onal upward s o l i d i f i c a t i o n  o f  
succinoni t ri 1e contai n i  ng ethanol, i n the absence c f  hor izontal  t e n ~ e r a t u r e  
gradients, can be analyzed by the same methods previously used for  the 
so l i d i f i ca t i on  of lead containing t i n  [I]. lhe materi a1 p r ~ p e r t i  es used 
i n  the calculat ions ate l i s t e d  i n  Table I: the. measurement o f  sane of 
these propert ies i s  described i n  the experimental section. The resu l t s  
of the calculat ions are qua l i ta t i ve ly  s im i la r  t o  those previously obtai ned 
for the lead-t in system i n  tha t  two types o f  i n s t a b i l i t y  are observed. 
Instabi 1 i t i e s  o f  short wavelength, which are associated w i th  deviat ions 
o f  the sol i d-1 i quid inter face from planar i ty ,  are termed i nter f  aci a1 
i n s t a b i l i t i e s .  I n s t a b i l i t i e s  o f  longer wavelength, which are associated - 
w i th  motion o f  the l i q u i d  above the interfact:. are termed convective 
i n s t a b i l i t i e s .  Figure 1 shws, as a function o f  the ve loc i ty  of 
so l id i f i ca t ion ,  the cancentration o f  ethanol i n  succinoni tri l e  required 
t o  prodbce the two types o f  i n s t a b i l i t y .  The calculat ions apply t o  a 
system growing w i th  a tenperature gradient i n  the l i q u i d  o f  10 K/cn, a 
typ ica l  value f o r  t h i s  type o f  system. 
The concentration o f  solute requi red t o  produce i n t e r f a c i a l  
instabi  i i t i e s  decreases w i th  increasing velocity, as i s  the fami 1 i ar 
s i tua t ion  described by the theory o f  morpholc-75 :a1 ins tab i  1 i t y  except a t  
extremely high growth velocit ies,.  The convective i n s t a b i l i t i e s  show the  
opposite ve loc i ty  dependence. Unidi rect ional  upward s o l i d i f i c a t i o n  w i th  
a planar in ter face i s  stable a t  concentrati on-veloci t y  combinations l y i n g  
below both curves i n  Figure 1. A t  concentrations near 3 x 10-3 wt.% ethanol 
there ex is ts  2. range o f  ve loc i t ies  i n  which the s o l i d i f i c a t i o n  i s  stable, 
above which i n te r f ac i a l  i nstabi li t i e s  are predicted and below which con- 
vective i n s t a b i l i t i e s  are predicted. A t  concentrations above 5.4 x 10-3 wt.X 
ethanol, growth i s  not stable a t  any ve loc i ty  w i th  t h i s  tenperature gradient, 
The dotted port ion o f  the convective i n s t a b i l i t y  curve i n  Figure 1 
represents an osci 1 la to ry  convective i nstabi 1 i t y  which occurs i n  the  
region where the convective and i nter fac i  a1 ins tab i  1 i t y  curves cross. 
The onset o f  i n s t a b i l i t y  by an osc i l l a t o r y  mode i s  the nost s t r i k i n g  
d l  f ference between the resu l ts  f o r  lead- t l  n and succf noni tri le-ethanol . 
Figure 2 shows the wavelength a t  the onset o f  i n s t a b i l i t y  r e l a t i ve  
I t o  the di f fusion boundary layer thickness D/V, f o r  a tenperature gradient 




I -  i n s t a b i l i t i e s  i s  approximately equal t o  the thickness o f  the d i f fus ion 
layer, the wavelength o f  the convective i n s t a b i l i t i e s  i s  t y p i c a l l y  about 
+ an order of magnitude larger  and a t  ve loc i t ies  o f  less than 1 pm/s the 
predicted wavelength o f  the convective i n s t a b i l i t i e s  are greater than 1 an. 
Therefore one cannot expect t o  observe these i n s t a b i l i t i e s  i n  small 
containers. 
Increasing the tenperature grildient tends t o  s t a b i l i z e  the  system 
wi th  respect t o  both i nter fac i  a1 and convective i nstabi 1 i ti es. Figure 3 
shows i n t e r f a c i a l  and convective s t a b i l i t y  curves for  several values of 
the tenperature gradient i n  the l i qu i d .  h e  o f  the sanples used i n  t h i s  
' 
study contained 2.6 x 10-3 wt.X ethanol, as indicated i n  F i  g i r e  3, and i t  
i s  seen tha t  a t  t h i s  conposition the gradient i n  the  l i q u i d  has only a 
small effect on the ve loc i ty  a t  which canvective i n s t a b i l i t y  occurs, but 
has a strong effect on the ve loc i t y  a t  which i n te r f ac i a l  i n s t a b i l i t y  
occurs. 
i n  a rea l  c rys ta l  growth process, hor izontal  temperature gradients 
are d i f f i c u l t  t o  avoid. This i s  especial ly  t r u e  f o r  materials such as 
succ inon i t r i l e  which have low thermal conduct iv i t ies.  I n  such cases t he  
thermal conduct iv i ty  o f  the container wal ls  i s  conparable t o  tha t  of the  
material under study, and the requi rement o f  mi nta in ing good v i  s i  b i  1 i ty 
o f  the material i n  the so l i d - l i qu i d  in ter face region precludes the use of 
surrounding insulat ion. 
Radial gradients resu l t i ng  frcm l a t e r a l  heat losses can be minimized 
by xareful design o f  the crys ta l  growth system, but i n  the v i c i n i t y  o f  
.t'hrk so l i d - l i qu i d  in ter face there i s  a thermal in te rac t ion  w i th  the chamber 
h .  11s which cannot be conpletely eliminated. Conservation of heat a t  the 
ic ter face leads t o  the re l a t i on  
ksGs - klGl = vL (1 ) 
w b  r e  kS and k l  are the thermal conduct iv i t ies o f  the s o l i d  and l iqu id ,  
Gs and 61 are the ter r~erature  gradients i n  the s o l i d  and l iqu id ,  v i s  the 
grr'mth ve loc i ty  and L i s  the la ten t  heat of fusion, I n  general there i s  
ttrer-efore a velocitydependent change o f  the tenperature gradient across 
the  interface. Because there i s  no corresponding change o f  gradient i n  
the container walls, the isotherms i n  the v i c i n i t y  o f  the container wal ls  
are d is to r ted  from the ideal  horizontal planes which would be needed t o  
3 v ~ i d  a d r i v i ng  force f o r  convection. 
I n  s u c c i ~ , i i t r i l e  the thermal conduct iv i ty  of the s o l i d  and l i q u i d  
are almost ident ica l ,  so tha t  a t  zero grawth ve loc i t y  there i s  v i r t u a l l y  
nu c.hange i n  tenperature gradient across the in te r face  and i t i s  possible 
t o  achieve almost planar interfaces, Weve r ,  Eq. 1 indicates t ha t  there 
w i  11 b\! a gradier-t cnange o f  2.1 K/cm a t  the  in te r face  f o r  each 1 p i s  
of growth u x'sci ty. As a resul t ,  a t  growth ve loc i t i es  of 1 w / s  o r  more 
there w i  11 be s ign i f i can t  horizontal gradients near the container wal ls  
an+ thermal l y  driven convective f l ow  m s t  be expected. 
. I  I. EXPERIMENT 
Rany of the propert ies of succ inon l t r i l e  have been reported i n  the 
liter:':lr,~e, as indicated i n  Table I. We have detennfned the relevant end 
G -  the succinoni tri le-ethanol phase diagram (Figure 4) and f i n d  the 
l i qu idus  and sol idus slopes a t  l w  concentrations t o  be 3.6 K/wt.% and 81 
K/wt.Z respectively. I n  addition, we have measured the density o f  
succinoni t r i  l e - r i ch  1 iquids (Figure 4). The only property used i n  the 
i - 
i calculat ionc which has not actual ly  been measured i s  the d i f f us i on  
i 
f 
I -  
coeff ic ient  f o r  ethanol i n  succinoni t r i le ,  f o r  which an estimated value ' 
has been used. 
Samples f o r  c rys ta l  growth experiments were sealed under vacuum -in 
borosi l i c a t e  glass tubes, approximately 45 cm long and w i th  17 nm ins ide 
diameter. The corrposi t i o r  o f  the sanples was evaluated from measurements 
of  the solidus and l iquidus tenperatures. A h igh p u r i t y  sanple was found 
t o  have a melt ing range o f  1.2 x K, corresponding t o  the e f f e c t  o f  
1.5 x : o - ~  wt.2 ethanol o r  equivalent i rpur icy ,  whi le an ethanol-doped 
sanp:e had a melt ing range o f  0.21 5 K, corresponding t o  2.6 x 10-3 wt.X 
ethanol. 
For crys ta l  growth the sanples were drawn downwards by a t rack ing 
mechani sin through a terrperature gradient produced by a cool ing water 
jacket and a small e l ec t r i c  furnace. I n  the region between the water 
jacket and the furnace, the inter face was surrounded by a transparent 
block w i th  f l a t  wal ls t o  reduce the opt ica l  d i s t o r t i on  o f  the so l id - l i qu id  
interface region (Figure 5). A f l a t  aux i l i a ry  heater was embedded i n  
t h i s  block t o  provide some control over the tenperature gradients i n  the 
in ter face region. 
Convection was measured from nultiple-exposure photographs o f  l a tex  
microspheres f loat ing i n  the l i qu id .  The spheres were 10-20 i n  
diameter and were close i n  density t o  the l i q u i d  succ inon i t r i l e  so tha t  
they tended t o  s e t t l e  out only a t  ve loc i t ies  mch less than the convective 
f lw veloc i t ies  which were being measured. By using unequal in te rva ls  
bete1een the rml t i p l e  exposures, the d i rec t ion  o f  motion of ind iv idua l  
pa r t i c les  could be determined. The par t i c les  were best seen i n  dark 
f i e l d  i l luminat ion whereas br ight  f i e l d  images showed the sol id-1 i q u i d  
inter face most c lear ly .  
I V .  RESULTS 
When the sanple i s  held stat ionary (zero growth veloci ty) ,  any 
convection present i n  the l i q u i d  i s  a t t r i bu tab le  t o  the effect of rad i  a1 
heat losses. Stat ionary so l id - l i qu id  inter faces are observed t o  be 
s l i g h t l y  concave upwards, ind ica t ing  tha t  the tenperature i s  higher i n  
the center than around the edges. As expected under these circumstances, 
a convective flow pat tern i s  present above the in ter face w i th  flow downward 
near the walls, r ad ia l l y  inward d i r ec t l y  above the interface, and upwards 
i n  the center o f  the tube. The f low pat tern above the inter face can 
thus be describer1 as a toro ida l  r o l l .  Any thermal asynmnetries o f  the 
system resu l t  i n  displacement o f  the node and axis o f  t h i s  torus from the 
central  axis o f  the sample tube. I f  the asymmetry i s  s u f f i c i e n t l y  great, 
the torus pinches o f f  t o  form a s ing le  transverse r o l l  (Figure 6). 
When the to ro ida l  f low remains f o r  several hours i n  a stat ionary 
sample, one frequently observes an accumlat ion o f  marker par t i c les  i n  
the l i q u i d  j us t  above the in ter face a t  the node where the rad ia l  inward 
f low converges and turns upward. A dense t r a i  1 o f  pa r t i c les  streams 
upward wi th  the l i q u i d  from t h i s  point  and along the axis o f  the toro ida l  
r o l l  (Figure 7). The ve loc i ty  of t h i s  upward f low near the center of= the 
tube, a t  a distance 2.5 mm above the interface, i s  t yp i ca l l y  10-15 ~ 1 s .  
Smal l e r  ve loc i t i es  could be at ta ined when the in ter face region was we1 1 
insulated but only a t  the cost of reduced v i s i b i l i t y .  
I n  a typ ica l  experiment the in ter face was equi l ib ra ted for  several 
hours a t  zero growth ve loc i ty  and the downward motion o t  the sample tube 
a t  constant velozi t y  would then be started. The s o l i d i f i c a t i o n  ve loc i ty  
does not o f  course immediately a t t a i n  the ve loc i ty  a t  which the tube I s  
withdrawn: instead, the in ter face s ta r t s  t o  move downward w i t h  the tube 
and as the gradients change s o l i d i f i c a t i o n  commences and the s o l i d i f i c a t i o n  
velor; t y  accelerates toward the tube withdrawal velqci ty ,  which i s  reached 
when the in ter face reaches a steady s ta te  posit ion, When crys ta l  g r w t h  
star ts,  the rad ia l  gradients increase both due t o  the effect of drawing 
the hot ter  material downward through the viewing block and due t o  the 
la ten t  heat emitted from the solid-1 i q u i d  interface. The conveztive f l o w  
pat tern i s  correspondingly altered. In  cases where the axis of the 
toro ida l  r o l l  was i n i t i a l l y  displaced from the tube center (Figure 6b), 
the axis moves toward the center o f  the tube. In  r a d i a l l y  symmetric 
cases, the upward flow ve loc i t y  near the center of the tube increases 
when crys ta l  growth s tar ts .  The upward flow ve loc i t i es  a t  the tube 
center, 2.5 mm above the interface, were t y p i c a l l y  20-40 m/s f o r  a 
sanple growing a t  2 m/s. 
Figure 8 shows exanples o f  measured convective flow tracks i n  the 
sanple containing 2.6 x 10-3 w t . l  ethanol. F i  ;are & shws the flow 
f i e l d  before the s t a r t  o f  c rys ta l  grwth,  and Figure 8b shows the flow 
f i e l d  19 minutes a f ter  the s t a r t  o f  sanple motion a t  2 m l s .  It i s  seen 
t h a t  i n  Figure 8b the f low ve loc i t i es  have increased s i gn i f i can t l y  conpared 
t o  those i n  Figure 8a. Note tha t  i n  Figure 8, the t ime i s  s t i l l  small 
conpwed t o  the t i n e  (01v2k) required t o  establ ish the steady s ta te  solute 
d i  s t r i  bution, which i n  t h i s  case i s  approximately 95 minutes. 
the slowest ve loc i t ies  a t  which i t  was seen (about 2 n / s )  i t  at ta ined 
i t s  most dramatic appearance (Figure 10). becoming sharply pointed and 
about 1 mn deep before breaking down i n t o  a c e l l u l a r  structure. At a 
growth ve loc i ty  o f  3 m/s, the p i t  was considerably wider and shallower 
when the ce l l u l a r  st ructure appeared (Figure 11) and a t  4 ~ / s  the 
p i t  was hardly discernable from the overal l  concavity o f  the In ter face 
when the ce l l u l a r  st ructure appeared. The range o f  growth ~ e l o c i t i e s  
over which t h i s  e f fec t  i s  seen i s  therefore very narrow, but i t  i s  a 
c r i t i c a l  range i n  tha t  i t  i s  near the l i m i t s  o f  the concentration and 
ve loc i ty  f o r  which the grauth o f  m i  crosegregati on-f ree crys ta ls  i s  
possible. 
The marker par t i c les  ind icate  1w f low rates i n  the liquid w i t h i n  
the p i t ,  and i n  a1 1 cases show tha t  the p i t  l i e s  under the po in t  a t  which 
the flow converges and turns upward. 
The formation of such p i t s  has not been observed i n  the pure saliple, 
nor has i t been observed under condit ions where the f 1 ow forms a s ing le  
r o l l  (Figure 6c) instead o f  a to ro ida l  r o l l  (Figure 6a o r  6b). 
The aux i l i a ry  heater surrounding the sanple could be used t o  a l t e r  
the  rad ia l  tenperature gradients i n  the v i c i n i t y  o f  the so l i d - l i qu i d  
inter face.  Idea l ly  i t  would act  as a subst i tute source of l a t en t  heat, 
establ ishing a tenperature gradi ?nt d iscont inu i ty  w i t h i n  the transparent 
viewing block t o  match tha t  created w i th in  the succ inon i t r i l e  by the  
emission o f  l a ten t  heat (Eq. 1). I n  pract ice  i t  was generally found tha t  
as the rad ia l  gradients were decreased by the use of the aux i l i a ry  heater, 
the to ro ida l  flow f i e l d  could be suppressed but there were always enough 
asymmetries i n  the system t o  y i e l d  a s ing le  r o l l  f low pattern. By 
Together w i t h  the  change i n  the  f l u i d  :low, there i s  a  change i n  
the  i n te r face  shape which develops when c r y s t a l  growth s t a r t s .  In  t h e  
pure mater ia l  the  i n te r face  assumes the  shape o f  a  smooth upwardly concave 
bowl (Figure 9). This sample was s u f f i c i e n t l y  pure t h a t  no condi t ions 
(other  than bulk supercooling o f  t he  l i q u i d ]  were found which resul ted i n  
i n t e r f a c i a l  i n s t a b i l i t i e s .  Qua l i t a t i ve l y ,  t h i s  i s  t he  i n te r face  shape 
change which would be expected even i n  the  absence of f l u i d  flow. I t  i s  
not  known how mrch add i t ioaa l  i n te r face  shape chanpe i s  produced by t h e  
f l u i d  flow which does occur. 
A much more conplex shape change occurs dur ing  c r y s t a l  growth i n  t h e  
ethanol doped sample a t  uc1oci:ies close t o  t h a t  which leads t o  t h e  
formation o f  i n t e r f a c i a l  i n s t a b i l i t i e s .  For growth a t  1  um/s, t he  
i n te r face  develops a gent le bowl shape s i m i l a r  t o  t h e  pure material ,  and 
remains featureless. For growth a t  5 p / s  o r  more t h e  in ter face 
rap id l y  develops an ove ra l l  c e l l u l a r  s t r u c t a ~ r e .  A t  i n t e ~ m e d i a t e  ve loc i t ies ,  
however, t he  in ter face s t a r t s  t o  develop a  smooth bowl shape but a f t e r  an 
incubat ion per iod which varies i n  length from a few minutes t o  as rmch 
as two hours, an addit ion21 macroscopic depression develops i n  t h e  
i n te r face  d i r e c t l y  under the  po in t  where the  r a d i a l  inward f low above the  
i n te r face  converges and tu rns  upward. thce the  depression appears, i t  
deepens rap id l y  u n t i  1  i n t e r f a c i a l  i n s t a b i l i t i e s  develop w i t h i n  it. These 
i n s t a b i l i t i e s  then develop i n t o  c e l l s  o r  dendr i tes which grow r a p i d l y  t o  
fill the p i t  up t o  the  l eve l  o f  t he  o r i g i n a l  bowl-shaped interface. Th is  
i n te r face  then advcinces w i t h  a l oca l i zed  c e l l u l a r  region i n  t h e  area 
where the  p i t  ;lad been, surrounded by a  feature less ( c e l l - f r e e )  area. 
The shape of t h e  p i t  var ied w i t h  the  s o l i d i f i c a t i o n  ve loc i t y .  A t  
ac t i va t i on  of the  a u x i l i a r y  heater i t  was found t h a t  the  formation o f  the  
in ter face p i t  could be suppressed dur ing growth a t  2 m/s, but  the 
ef fect  may bette: be a t t r i b u t e d  t o  the  change o f  t he  flow pat te rn  ra ther  
than t o  an actual  supprsssion o f  the  flow. 
An add i t iona l  c o n v e c t i ~ e  flow was occdsion* l ly  observed i n  cases 
where a vapor bubble was trapged a t  t he  s o l i d - l i q u i d  in ter face.  l h i s  
c c l d  occur when the  s a q l e  was melted amn i n t o  a region where an 8 x i a l  
shrinkage p ipe  had been formed by a previous f reez ing operation. When 
t h e  me1 t contacted the  shrinkage pipe, t he  vapo; bubble which formed 
would sometimes be held a t  the  i n te r face  by ~ u r f a c e  tension forces before 
breaking away and r i s i n g  t o  the  top o f  t t , ~  trite. The f low i n  the  l i q u i d  
near the  bubble was o f ten  s i m i l a r  t o  t h a t  which occurred i n  i t s  absence, 
but a t  other  times a cocnter- rotat ing t o r o i d a l  f low would be present i n  
the  l i q u i d  immediately above the  bubble (Figure 12). The flow ra tes  i n  
t h e  counter- rotat ing f low were a t  l eas t  an order o r  magnitude f a s t e r  than 
those i n  the  normal f low pattern, and immediately adjacent t o  the  bubble 
surface they were so rap id  t h a t  they were not  recorded on the  photographs. 
The counter- rotat  i n g  f low was most vigorous s h o r t l y  a f t e r  s l i g h t  changas 
i n  the pos i t i on  o f  the  bubble. 
V. DISCUSSION 
The formation o f  a t rans ient  macroscopic p i t  i n  a s o l i d i f y i n g  sanple 
surface, i n  t h e  presence o f  both convection and solute, appears t o  be an 
important stage i n  the  development o f  a l o c a l i z e d  c e l l u l a r  structure. 
The convective flows observed i n  these e x p e r t a n t s  can be a t t r i b u t e d  
t o  t h e  ef fects of r a d i a l  temperature gradients, which i n  the  case of 
s ta t ionary  samples are the r e s u l t  o f  heat losses t o  the  environment and 
i n  the case o f  growing sam)les h ! v r  an add i t i ona l  con t r i bu t i on  from the  
i n t e r a c t i o n  of the  l a t e n t  heat ; ~ i ~ h  the  chmber wal ls .  
I n  s ta t ionary  samples, the c o ~ n s i t ! a n  , . t he  l i q u i d  i s  uniform and 
there fore  i s  unaf fected by the convective f low. I n  a so; idi fy ing sample 
w i t h  a so lu te  concentrat ion Co f a r  from the  in te r face ,  a solute-enriched 
l a y e r  i s  present i n  t he  l i q u i d  adjacent t o  t he  in ter face.  A t  sceady 
s ta te  and i n  the absence o f  convection, t h e  so lu te  c o n c e n t r a t i w ~  CL i n  
the l i q u i d  ahead o f  a planar i n t e r f a c e  would have a s inp le  exponential 
form 
CL = Co [I + I-L e-"x/D] k (2 )  
and the  conposi t i o n  immediately adjacent t o  t he  i n t e r f a c e  would be Co/k. 
Because of t he  low value o f  k  f o r  t h e  s u c c i n o n i t r i  l e e t h a n o l  system 
(0.944), the  concentrat ion d i f fe rences are large. Thus i n  t he  sanple 
conta in ing  Co = 2.6 x l o s 3  wt .% ethanol, t he  conposi t ion o f  the  l i q u i d  
adjacent t o  the i n t e r f a c e  would be 5.9 x 10-2 wt.X ethanol and the  
i n te r face  temperature would be d?pressed 0.2 K below the temperature f o r  
equ i l i b r i um o f  s o l i d  w i t h  l i q u i d  o f  conposi t ion Co. 
Convective flow w i l l  change t h e  tenperature and so lu te  f i e l d s  i n  t h e  
l i q u i d  ahead o f  t he  in ter face.  However, because t h e  thermal d i f f u s i v i t y  
i s  approximately 100 times as l a rge  as the  so lu te  d i f f u s i v i t y ,  t he  s o l u t e  
f i e l d  can be much more severely d i s t o r t e d  than i s  the  temperature f ie ld .  
The d i s t o r t i o n  o f  the  l i q u i d  tenperature and conposi t ion f i e l d s  w i l l  l ead  
t o  changes o f  the  i n t e r f a c e  shape. 
I n  a c r y s t a l  growth system such as t h a t  shown i n  F igure 5, i n  t he  
absence o f  convection the  s o l i d - l i q u i d  i n t e r f a c e  o f  a growing c r y s t a l  
w i l l  not  be planar but  w i  11 be macroscopically concave due t o  the  r a d i a l  
heat losses and the  i n t e r a c t i o n  w i t h  the  chamber walls. When so lu te  i s  
present, t h i s  concavity w i l l  cause the  so lu te  d i s t r i b u t i o n  i n  the l i q u i d  
adjacent t o  the in te r face  t o  be somewhat non-uniform even i n  the  absence 
of i n t e r f a c i a l  i n s t a b i l i t i e s  [8]. 
I f  we add i n  the  e f f e c t  o f  convection, the  i n t e r f a c e  shape w i  11 be 
modif ied i n  the  pure mater ia l  by the convect ive t ranspor t  o f  heat. I n  a  
c r y s t a l  growth apparatus such as ours, we czn expect t he  convect ive f low 
t o  reduce the dev ia t ion  o f  the  i n t e r f a c e  from p l a n a r i t y  becauze t h e  
downward flow on the  cooler  pa r t s  o f  t he  tube (near the  w a l i s j  d l '  b r i n ~  
warmer mater ia l  from above t o  the  i n te r face  region. The a c t ~ ~ l  i trjde 
of t h e  in te r face  shape change due t o  t h e  convect ive f low i n  t h e  r c i c  
mater ia l  i s  not  known, although some i n d i c a t i o n  o f  i t  could be obtained 
by comparing i n te r face  shapes i n  our experiments t o  shapes observed when 
the s o l i d  l i e s  above the  l f qu id ,  i n  which case the  convection would 
increase the  dev ia t ion  from p lana r i t y .  This  type o f  geometry was 
approximated dur ing the  zone r e f i n i n g  o f  t h e  samples, and the  dev ia t i on  
from p l a n a r i t y  was much more pronounced. 
Duri ng so l  i d i  f i c a t i o n  of t h e  sanple conta in ing  ethanol, the  convect i  ve 
flow can change the  d i s t r i b u t i o n  o f  so lu te  ahead o f  the  s o l l d - l i q u i d  
in te r face .  A simple uni form i io r izonta l  shedr f l ow  above the  i n te r face  
would not  a1 t e r  t he  exponential so lu te  d i s t r i b u t i o n ,  bu t  subs tant ia l  
e f fects can be expected w i t h  the  f l u i d  f l ow  pat te rns  which p r e v a i l  i n  a 
f i n i t e  s ized system. For the  t o r o i d a l  f low es i l l u s t r a t e d  i n  F igure 6a, 
the  mater ia l  f lowizg down near t h e  wa l l s  w i l l  have conposi t ion c lose t o  
t h a t  of t he  bulk l i q u i d  and the  concentrat ion o f  ethanol ahead o f  t h e  
in te r face  near the wa l ls  w i l l  there fore  be less  than t h a t  p red ic ted  i n  
the  absencs o f  conu~ct ion .  As the l i q u i d  moves r a d i a l l y  inward above the  
in ter face,  i t  w i l l  accumulate the re jec ted  so lu te ,  Because of the  r a d i a l  
nature o f  the f low, so lu te  w i l l  be r e l a t i v e l y  concentrated i n  the  v i c i n i t y  
of the  node where the flow converges and tu rns  upward, i n  a  manner somewhat 
analogous t o  the  process by which the  marker part,:les accumulate i n  t h i s  
v i c i n i t y .  
Ye feel  that. the  in te r face  p i t  which develops a t  c e r t a i n  growth 
v e l o c i t i e s  i s  the  r e s u l t  o f  t h i s  l oca l i zed  concentrat ion of so lu te  by t h e  
thermal l y - i  nduciJ convective flow f i e ld .  The evidence support ing t h i s  
hypothesis i s  t h a t  
1)  The p i t  i s  seen only i n  the  sanple doped w i t h  ethanol; and 
2) The p i t  occurs d i r e c t l y  under t h e  p o i n t  wb.ere t h e  f low f i e l d  
converges, even when t h i s  po in t  i s  displaced from .~:-,e tube center by 
asymmetries o f  t he  thermal f i e l d ,  and formation o f  t he  p i t  i s  not  observed 
when the  asymmetries are st rong enough t o  cause t h e  f l u i d .  f low t o  change 
from a  t o r o i d a l  (Figure 6a) t o  a  sOngle r o l l  (Figure 6c) conf igurat ion.  
Chang and Wilcox [8] have reported observations o f  s o l i d - l i q u i d  
in te r face  shapes as a f fec ted  by r a d i a l  heat f low and convection dur ing  
zone mel t ing  o f  napthalene. The i r  heat f low geometry, and hence t h e i r  
convective flow f i e l d s ,  were d i f f e r e n t  from t h a t  which occurred i n  our 
experiments. They observed l o c a l l  zed ce l  l u l a r  break-down o f  t he  s o l i d i f y i n g  
in ter face,  which i n  some cases occurred w i t h i n  an indenta t ion  o f  t h e  
in te r face .  They a t t ~ i  bute the  l o c a l i z a t i o n  o f  i n t e r f a c e  break-down t o  
the r e d i s t r i b u t i o n  o f  heat and s ? u t e  by convection currents, but do no t  
repo r t  the e f fec t  which we f i n d  i n  which the convective red i s t r i bu2 ion  of 
so lu te  causes a macroscopic change of i n t e r f a c e  shape. 
V I  . CONCLUSIONS 
A small concentration o f  ethanol i n  succ inon i t r i l e  i s  suf f ic ient  t o  
induce in te r fac ia l  o r  thermosolutal convective ins tab i  li t i e s  during 
uni d i  rect  ional  upward so l id i f i ca t ion .  Radi a1 tenperature gradients 
present during s o l i d i f i c a t i o n  i n  a cy l ind r i ca l  tube a l so  induce convective 
flow, and when solute i s  present i t  i s  red is t r ibuted by the convective 
flow t o  prci~ace changes i n  the shape and i n t e r f a c i a l  s t a b i l i t y  of the 
sol id-1 i q u i d  i nte-face. 
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Figure Captions 
Fig. 1. The concentration of ethanol i n  succ inon i t r i l e  above which 
i n te r f ac i a l  or  convective i n s t a b i l i t y  occurs. 
Fig. 2. The r i i t i o  of the i n s t a b i l i t y  wavelength, 2 , t o  the di f fusion 
boundary layer thickness, D/v, a t  the on-et cf i n s tab i l i t y .  
=ig. 3. Effect of the temperature gradient i n  the l i q u i d  on the  
concentration of ethanol i n  succi noni tri l e  required t o  induce 
i n s t a b i l i t y .  
Fig. 4. Succinoni t r i le -e thanol  phase diagram, w i th  1 ines o f  constant 
l i q u i d  density. 
Fig. 5. Exploded view of c r y ta l  growth apparatus. 
Fig. 6. Convective flow patterns above so l i d - l i qu i d  inter face fo r  (a) 
synmetrical , (b)  s l i g h t l y  asymmetrical and (c) h igh ly  asymmetrical 
heat losses. 
Fig. 7. Plume of pa r t i c les  marking the axis of a to ro ida l  flow pattern. 
Fig. 8. Measured flow ve loc i t ies  above the so l i d - l i qu i d  inter face (a) 
before the s t a r t  o f  g r w t h  and (b) 19 minutes a f te r  the s t a r t  of 
g rw th .  
Fig. 9. Concave in ter face resu l t i ng  from growth i n  pure succ inon i t r i  le. 
Fig. 10. Macroscopic depressi n i n  the so l i d - l i qu i d  in ter face o f  a sanple 
containing 2.6 x 10-3 wt.S ethanol, growing a t  2 m/s. 
Fig. 11. Hacroscopic~inter face depression i n  s a ~ l e  growing a t  3 m/s. 
Fig. 12. Vigorous counter-rotating t ro ida l  f low above vapor bubble i n  
sanple containing 2.5 x 10-8 wt.S ethanol. 




Density of ~ i & i d  "1 988 k CJ lm3** Csl 
Thermal Expansivity o f  So l id  
=s -5.6 x IO'~/K C63 
Thermai Expansivi t y  o f  L iqu id  
=f -8.1 10-~IK c s * ~  
Shear V i  scosi t y  
Kinematic Viscosi ty 
Latent Heat o f  Fusion L 4.70 x lo4  J lkp  C61 
Thermal Conductivi ty o f  So l id  k s 0.225 J/mKs** C73 
Thermal Conducti v i  t l  o f  L iqu id  k g  0.223 J/mKs** r.73 
Thermal D i  f fus i  v i  t y  of Sal i d 
'Cs 1.15 x l ~ '~m* /s* *  ** 
Ther-1 D i  f f us i v i t y  of L i qc i d  1 .I 2 x 1 ~ ' ~ r n ~ / s * *  ++* 
D i s t r i bu t i cn  C3 t f f i c i en t  f o r  k o 0.044 
Ethanol i n Succi noni t r i  l e  
Liquidus slope f o r  Ethanol m f  3.6 K/wt.Z *t*t 
i n  Surc inon i t r i l e  
Solidus slope f o r  Ethanol 5 81 K1wt.X +*+* 
i n  Succ inon i t r i le  
* Indicates value derivzd from propert ies given i n c i t e d  reference. 
** Indicates value o f  property a t  mel t ing poin,, 331.23K. 
*** Indicates property derived from other propert ies i n  the table. 
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Task 3 
Measurement o f  High Temperature lhemtodynami c Propert i cs 
D. W. Bcnnell 
Inorganic k t e r i  a1 s D iv i s ion  
Center f o r  Mater ia ls  Science 
The neiily developed General E l  e c t r i  c Space Systems D i  v i s i on  (GE) 
imaging op t i ca l  pyrometer was completed, tested, and cz l i b ra ted  i n  i n -  
serv ice operat ing condit ions. This pyrometer i s  designed t o  a l low accurate 
tenperature measurement o f  a l e v i t a t e d  high tenperature s a m l  e whose speci f ic  
heat then cdn be determined by dropping i t  i n t o  a c a l o r i m t e r ,  o r  i n  space 
f l i g h t  by moving tne calor imeter t o  enclose the sarrple. The pyromtei-  has 
the  capabi 1 i t y  f o r  two co lo r  operation, w i t h  the  a1 te rna te  colors sanpled 
a t  several hertz.  The u n i t  proved t o  be s tab le  i n  operation. and appears 
t~ be a reasonable prototype. Special techniques were developed t o  connect 
the tenperature scale o f  the  pyrometer t o  t hd t  of the  standard l a q .  
For the electromagnetic induct ion l e v i t a t i o n  system, a new, t i g h t e r  
c o i l  design was tested w i th  major inprovement i n  hold ing a b i l i t y  and s tab le  
l e v i t a t i o n  f o r  high mel t ing po in t  metals. Successful coupl ins of t h i s  
l e v i t a t i o n  c o i l  and the  electron-beam heat source needed t o  melt the sanple 
proved more d i f f i c u l t  than ant ic ipated, w i t h  the  r e s u l t  t h a t  successful 
conplete melt ing o f  tungsten has not ye t  been achieved. 
An addi t ional  major e f f o r t  o f  t h i s  repor t ing  per iod i s  t he  preparat ion 
of a chapter on Lev i ta t ion  Calorimetry, which represents a conprehensive 
review of the  subject o f  electromagnetic l e v i t a t i a n  and thermophysical 
property measurement, the f i r s t  such e f f o r t  s ince the ear:] 1960's. Lev i ta t i on  
a c t i v i t i e s  a t  Rice Un ivers i ty  have resumed i n  f u l l  force, w i t h  conplete 
reac t iva t ion  of t h e i r  f a c i l i t i e s .  A nvnber o f  new mater ia ls  ( s i  1 ver, 
Preceding page Mank 
gallium, etc. ) are being studied, and regular  discussions ind ica te  t h a t  
pub l ica t ion  q u a l i t y  resu l ts  are now being obtained. 
In t roduc t i  on 
The primary object ive o f  t h i s  task has been t o  develop, i n  conjunction 
w i t h  General E l e c t r i c  Space Systems D i v i s i ~ n  (GE), and Rice Uni v e n i t y  (RICE) ,  
the  techniques, methodology, and experinrental apparatus fo r  measuring 
thermophysical propert ies (e.g., heat o f  fusion, enthalpy increaent, heat 
capacity, etc.) o f  mater ia ls  a t  extremely high temperatures. A primary 
technique has been the  development o f  a coupled electron-beam heating/ 
electromagnetic l e v i  t a t i  on-cal or imeter system. The e-beam heat i n g l l e v i  t a -  
t i o n  apparatus i s  based on equipment developed o r i g i n a l l y  by GE s p e c i f i c a l l y  
f o r  mel t ing tungsten. As the  heat o f  fus ion and enthalpy increment functions 
f o r  tungsten are known only through est imation and i n d i  r e c t  measurements 
CBonnell, 19831, and tungsten occupies a unique pos i t i on  as the  most ref ractory 
element, adapting t h i s  apparztus t o  c a ! o r i m t r i c  measurements s e e d  a 
p a r t i c u l a r l y  s i g n i f i c a n t  opportunity t o  expand the  l i m i t s  o f  ground-based 
property measurements. 
The technical  d i f f i c u l t y  o f  merging these tuo techniques has proved t o  
be a measure of the  d i v id ing  l i n e  between experiments which can be performed 
on thc  ground, and those which w i l l  requ i re  reduced g rav i t y  f o r  accomplishment. 
The s ign i f i cance o f  these experiments l i e s  i n  the  observat icn t h a t  t h e  
terrperatures require heater powers (10 t o  100 kW) f o r  reasonable sized samples, 
f a r  i n  excess of t h a t  expected t o  be ava i lab le  i n  space i n  the  near future. 
Thus, t o  obta in the  s c i e n t i f i c  data, and t o  continue t o  develop methods fo r  
use i n  space, the c learest  path which w i  11 a1 low development of hardware 
able t o  take advantage of the  low-gravity environment o f  space has been t c  
pursue l i m i t i n g  ground-based cases. 
136 
GE Pyrometry System 
The new GE imaging pyrometer was o p t i c a l l y  s i m i l a r  t o  t h e  previous 
system, and i n s t a l l e d  i n  the  same manner. This a r r a n g e n t  and the  techniques 
developed fo r  c a l i b r a t i o n  and operat i  on are discussed i n  deta i  1 elsewhere 
[Bonnell, 19811. The new GE imaging p y r o ~ t e r  system was designed a rwad  a 
conmercial l y  a v a i l a ~ l e  photodiode array camera system. Custom c i r c u i t r y  t o  
a l low the gat ing o f  any ind iv idua l  p i x e l  t o  two conpanion high q u a l i t y  
s3;rple-and-hold operators was included. This a1 lowed dc sal lpl ing and 
d isplay of the  selected s ing le  p i x e l  output f o r  each o f  two colors passed 
by two narrow hand f i l t e r s .  The f i l t e r s  were mounted i n  an arm which could 
be a l ternated between the  two f i l t e r s  by a 180" stepper motor. The loca t ion  
of the  arm i n  the two a l te rna te  posi t ions was sensed by switch closures, 
and the  camera image c o l l e c t i o n  (p ixel  gat ing)  r e s t r i c t e d  t o  frame times 
when the  f i l t e r s  were stat ionary. The normal 30 hz framing r a t e  was used, 
and the  f i l t e r s  could be changed w i t h  the  loss  of only o ~ i e  frame time. The 
f i l t e r  change frequency was l i m i t e d  by the  motor t o  a few hertz. 
Since the camera uses s i l i c o n  diode based detection, and i s  thus 
sens i t i ve  t o  wavelengths beyond 1000 nm, i t  was p rac t i ca l  t o  select  
fi i t e r s  stradd14ng the s e n s i t i v i t y  peak by chooslng one of t h e  band-pass 
wavelengths i n  t k e  inf rared.  The selected f i l t e r s  sere 850 and 656 nm 
center frequency, 10 nm F u l l  -Width-at-Hal f -Maximum Sand pass, approximately 
13 mm diameter dichroics. The extreme narrow band pass choice was based on 
GE's expectation o f  radiance a t  the  mel t ing poin,, and the  ava i lab le  maximum 
aperture, approximately 10 mm. The choice was cor rec t  and a t  melting. 
output from the pyrometer f o r  both wavelengths was about mid-scale. However, 
there was no d i  r e c t  way t o  obta in s i g n i f i c a n t  output from the  system a t  
standard l a w  tenperatures which d i d  not jeopardize the  stabi  1 i t y  of the 
standard 1 amp (about 1600°C for  vcaum [AsTM, 19751). This determination 
i s  essent ia l  t o  ca l i b ra te  the  u n i t  t o  the  brightness tenperature scale, t o  
obta in scale intercocrparisons among the various aperture i f  i l t e r  combinations, 
and t o  perform running checks on outgas/vaporization coat ing of the  vacuum 
system h i  f idws and m i  r rors.  
One way t o  deal w i th  t h i s  problem would be t o  use wider band-width 
f i l t e r s ,  and inse r t  neutral  density f i l t e r s  fo r  coarse scale contro l .  This 
a l te rna t i ve  i s  s t i l l  possible, but was not a v a i l ~ b l e  a t  t e s t  time. 
A modi f icat ion o f  the camera contro l  c i r c u i t r y  so t h a t  c o l l e c t i o n  
could be spread over n u l t i p l e s  of t he  frame t ime allowed t h e  camera t o  be 
used as an integrator .  Since c a l i b r a t i o n  i s  a s t a t i c  process, t h i s  was a 
reasonable a l t e r ~ a t i v e ,  although i t  made alignment o f  the  camera sotnewhat 
more awkward. Even though d i g i t a l  mu l t ip les  o f  the  frame t ime were used 
( t y p i c a l l y  !O frame times), the  actual i n teg ra t i on  r a t i o  had t o  be determined 
empir ica l ly ,  as two frame times includes the  ret race tiare, f o r  exanple, 
which i s  not p a r t  of one frame time. Also, there i s  the  p o s s i b i l i t y  t h a t  
the sensor array may not s tore  the  image without losses. The eapi r i c a l  
determination y ie lded a gain value for  ten  frame in teg ra t i on  of 10.47 2 0.3. 
The e r r o r  was estimated based on the  d i g i t a l  g ranu lar i ty  o f  t he  smallest 
s ignal  . 
A d isk w i th  a series of apertures was located behind the  f i l t e r  arm 
t o  provide known aperture l i m i t i n g ,  and wavelength independent gain. The 
apertures were measbred w i th  a r e t i c u l e  conparator. Even using the  i n t e -  
g ra t ion  tachnique, i t  was not possible t o  get enough s ignal  t o  interconpare 
the  smaller aperatures w i th  the  standard lanp. If the current f i l t e r s  &re  
t o  remain as i s ,  i t  would be wise t o  dismount t h e  apertures and measure 
t h e i  r areas photometr ical ly.  Table 1 1 i s t s  the  aperture p la te  dimensions. 
The l i n e a l  measurement p a i r  represent the  la rgest  and the  smallest cross 
sections. The holes were not v i s i b l y  oval so t h e  aperture area r a t i o s  
were oased on the  average cT the  extrema measurewnts. For the  t m e r a t u r e s  
observed (maximum -3800 K), i t  was never necessary t o  use other than t h e  
A and 0 apertures. 
Table 1 
Pyrometer Apertures 







Cal ib ra t ion  o f  t he  pyrometer was ca r r i ed  out  i n  the  manner out l ined 
before [Bonnell , 19811. B r i e f l y ,  t he  pyrometer outpv-.'. was compared t o  a 
ca l i b ra ted  m i  cro-opt i  ca l  pyrometer reading the  tenperature of a m i  n ia tu re  
s t r i p  l a *  i n s j  de the vacuum system. The l e v i t a t o n  c o i l  system flange was 





















replaced f o r  t h i s  purpose by a pyrex p l a t e  tc~ al low d i r e c t  viewing of the 
f i 1 ament. The pyrex p l a t e  absorbance was twasured separately by measuring 
the  brightness terrgerature o f  an external lamp w i t h  and wi thout  the  p l a t e  
i n  the  op t i ca l  path. 
The current  (measured by the voltage drop across a q u a l i t y  0.0100 ohm 
shunt) appl ied t o  the lamp dur ing the  process of c a l i b r a t i n g  the  pyrometer 
served t o  c a l i b r a t e  the  standard lanp f c r  l a t e r  use i n  determining vacuum 
window and m i r ro r  absorption changes. It i s  t o  be noted t h a t  the  s t r i p  l a w  
was used a t  brightness temperatures m c h  h igher  tha? the  long term l i m i t s  
recomnended f o r  pyrometers [ASTM, 19753. The s t a b i l i t y  of the  lamp was checked 
by reproducing temperatures below the  safe l i m i t  a f t e r  use a t  the  higher values. 
The observed output o f  the  pyrometer (V, i n  v o l t s )  i s  re la ted  t o  the  
brightness t e q e r a t u r e  by the expression, 
derived from the fam i l i a r  Wein approximation t o  the  Planck rad ia t i on  law. 
This form indicates tha t  the  best f i t  t o  experimental T versus photometer 
output i s  a one parameter f it t o  determine k. Two parameter f i t s ,  i n  which 
the  leading term ( x / C ~ )  i s  a parameter, produced f i t s  i n  which the  leading 
term was w i t h i n  s t a t i s t i c a l l y  estimated e r r o r  l i m i t s  of the  theore t ica l  
slope, but such f i t s  ac tua l i y  represent the  data more poorly,  as they do 
not have correct  ext rapolat ion behavior i n  the  o r i g i n a l  data space. The 
one parameter fit fo r  the 656 nm f i l t e r  i s  
10000/~; = 3.759 t 0.02 - 0.4561 i n  V '  
* 
as shown i n  Figure 1. For the  85G nm f i l t e r ,  t he  r e s u l t  i s  
Note t h a t  t he  funct ions are fo r  V '  measured i n  the  x10 in teg ra te  mode. Since 
the  t r u e  gain, g, dve t o  i n teg ra t i on  was measured (g = 10.47), the re la t ionsh ip  
for  the  s ing le  frame high tenperature operation mode i s  obtained by subs t i t u t i ng  
V '  = V'g i n  the  above. Thf s gives the  working expression f o r  brightness 
temperature as, 
1 0 0 0 0 1 ~ ~  = 2.688 5 0.03 - 0.4561 I n  V (656 nm f i 1 t e r )  
and 
1000/~; = 1.975 t 0.03 - 0.5908 i n  V (850 nm f i 1 t e r )  
Corrections f o r  aperture are gain correct ions, and made i n  the  same 
manner. Ln (E)  , the emi ss i  v i  t y  , and window obscuration correct: ons are a lso 
t rea ted as gain terms, and the  correct ions made accord1 ngly. 
I n  operation, the pyrorneter system showed a s l i g h t  but disconcert ing 
image s h i f t  w i t h  the  changes o f  the  two f i l t e r s .  The s h i f t  was never large 
er?c?ugh t~ s! gni f i c a n t l y  a f f ec t  n o m l  temperature measurements, but as the  
standard f i lament  image i s  only about tw ice  the  width o f  a measuremnt 
p ixe l ,  ca l i b ra t i ons  were made w i th  the  automatic f i l t e r  switching off. 
The system was f ree  of t he  inter ference and m c h  o f  the  noise o f  t he  
previ  ous system. The window obscuration problem, due t o  vapor deposit ion 
a t  h igh temperature, i s  s t i l l  a major correct ion, and changes rap id l y  
during an experiment. This makes i t  v i r t u a l l y  impossibie t o  determine 
tenperature even approximately during an experiment and remains a s i  gni f i  cant 
problem. A method f o r  deal ing w i t h  t h i s  problem i n  rea l  t ime has been 
suggested [Bonnell , 1981 1, but not ye t  prototyped. 
Lev i ta t i on  Calorimetry 
An extensive e f f o r t  t o  obta in m r e  data on l i q u i d  tungsten was made 
during t h i s  report ing period. The changes suggested from the l a s t  e f fo r t  
[Bonnell, 19833 were made, w i t h  mixed resu l ts .  A newly designed c o i l  was 
i n s t a l l e d  (see Fig. 2). This c o i l  provided inproved sanple s t a b i l i t y ,  w i t h  
l i t t l e  tendency t o  lose the  samples due t o  inadvertant contact w i t h  t4e  
co i  1, o r  due t o  sanple e jec t i on  dur ing excess1 ve osci 1 la t ions ,  once the  
upper t o  lower c o i l  gap was decreased. The upper t u r n  was de l i be ra te l y  
l e f t  l a rge r  than optimum t o  minimize e f fec ts  of t h e  RF f i e l d  on e lec t ron  
beam focus, and t o  insure t h a t  i t  could be protected by the  molybdenum 
shade r ing.  This co i  1 was near ly  optimum f o r  the  sanples. Although 
l i q u e f y i n g  tungsten i s  a serious problem, and has become increasingly  
d i f f i c u l t  as the  apparatus ages, i n  twc cases where other  system fa i l u res  
prevented capture, samples which were apparently c q l  e t e l y  molten were 
contained by the co i  1 .  
The primary problem w i t h  t h i s  c o i l  system was t h a t  i t  in te rcepts  more 
radiant  energy from the  l e v i t a t e d  sample because i t s  tu rns  are  nuch c loser  
t o  the  sample. Perhaps even m r e  important ly,  beam electrons, forward-scattered 
from the sanple, are scat tered onto the  lower tu rns  o f  the c o i l  more e f fec t i ve l y .  
The combination o f  these two e f f e c t s  caused a ser ies  o f  c o i l  f a i l u res ,  and 
subsequent severe contamination o f  the  aluminum walled vacuum system w i t h  
water. Although the  system has exce l len t  safety in ter locks,  the  rupture of 
a c o i l  t u r n  under 50 t o  60 p s i g  water pressure resu l t s  i n  ounces of water 
i nside the  vacuum system. When the  prablem was f i n a l l y  co r rec t l y  diagnosed, 
higher pressure water punps were not  avai lab le.  We were able t o  d i v e r t  t h e  
water supply f o r  another GE experiment t o  the  task. That water system was 
designed t o  de l i ve r  about 50 gal lons t o  a l i n e a r  l e v i t a t i o n  system over the  
per iod of minutes. It consisted o f  a la rge  125 p s i g  ra ted  pressure vessel 
f i l l e d  w i t h  water and pressurized t o  120 p s i g  w i th  n i t rogen gas. A t  t h i s  
pressure, the  l e v i t a t i o n  coi  1 used about 4 l i t e r s  o f  water per minute, an 
approximately 1.5 improvement i n  water flow, Thjs a1 lowed 35 minutes 
operat ion t ime w i th  margin f o r  o rder ly  shutdown. This r a t e  o f  water flow 
was adequate f c r  t he  increased heat d i ss ipa t i on  requirements. It would be 
desi rable i n  t he  future t o  have a punp t o  supply 125 p s i g  water, although 
no problem ensued from the pressurized system. Higher pressure would a l so  
be recommended, up t o  the working l i m i t  o f  the  re in fo rced hose, as i t  i s  
s t i l l  not  ce r ta in  how much safety margin remains. 
Two add i t iona l  problems accompanied the  coi  1 fa4 lures. The f i r s t  was 
repeated f a i l u r e  of the  automatic gate system t o  function. This t roub le  
was f i n a l l y  i d e n t i f i e d  as being caused by i n s u f f i c i e n t  clearance fo r  the  
rad ia t i on  gate hub, brought about by repeated minor sp la t te rs  of molten 
tungsten, aluminum (from the  upper gate housing and vacuum system wa l l s )  
, and tantalum (from the gate systeln heat sh ie lds) .  Curiously, t he  system 
iirjiild work on the  bench, but  jam e r r a t i c a l l y  under vacclum. The problem was 
r e c t i f i e d  only by a complete overhaul o f  the  e n t i r e  system. Tile other  
problem was a re tu rn  o f  the  sample contamination problem. The problem was 
not immediately i d e n t i f i a b l e  due t o  d i f f i c u l t y  w i t h  e lec t ron  beam me1 t i ng .  
When f i n a l l y  co r rec t l y  diagnosed (as due again t o  s o f t  so lder  vapor contamination) 
i t  was found tha t  a small run o f  so f t  solder from a feedthr-ough cool ing tube 
was i n  l i n e  o f  s igh t  t o  the c o i l  from below. The problem was r e c t i f i e d  by 
removing a1 1 excess s o f t  sclder. However, extreme care w i  11 be necessary i n  
t he  fu tu re  as c r i t i c a l  j o i n t s  i n  t he  c o i l  f lange are  he ld  together w i th  
s o f t  solder, which cannot be removed. 
Scanni ng E l  ect  ron Micrographs (SEM) exami na t ion  o f  a sectioned contaminated 
specimen w i th  x-ray f luorescence showed o f  the order o f  112 percent z inc present. 
quan t i t a t i on  was d i f f i c u l t ,  as 30 KeV e x c i t a t i o n  had t o  be used, which produces 
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some spurious peaks f roq  the  steen vacuum chamber. It was not  possible t o  
t e l l  if there was s ign i f i can t  concentrat ion along gra in  boundaries. The 
sample showed la rge  grains, i n d i c a t i v e  o f  near melt ing. Except f o r  the  
oblate shape change wi thout  surface ,melting, i t  would be d i f f i c u l t  t o  
d i f f e r e n t i a t e  t h i s  specimen from a good run. These resu l t !  are t e n t a t i v e  
a t  present, w i th  more work planned. 
The e lect ron be;m continued t o  be the  1 i m i  t i  ng p a r t  of the  system. A 
molybdenum shade r i n g  was r e i n s t a l l e d  t o  p ro tec t  t he  top  tu rns  of :he c o i l .  
This r i n g  was i n  place dur ing t h e  c o i l  f a i l u res ,  inply!ng t h a t  the  d i r e c t  
e lec t ron  heam me1 t i n g  o f  the  co i  1 was not a 1 i ke ly  cause o f  co i  1  f d i  lure.  
Extensive t e s t s  o f  the i n te rac t i on  o f  the  beam and co i  1 were ca r r i ed  out a t  
a l l  power leve ls  o f  beam and l e v i t a t i o n  f i e l d .  Tests involved samples 
mounted on the prev iously  developed "sting," [Bonnell, 1983) as wel l  as 
f r e e l y  l e v i t a t e d  specimeis. N discernable defocusing o f  the  beam by the 
RF coi  1 occurred under any operat ing condi t ions . The e lec t ron  beam image 
consisted o f  t ~ o  s i m i l a r  oval shaped spots separated by approximately 1 cm. 
It was not possible t o  merge t h e  spots without defocusing the  beam. Any 
focus degradation made i t  impossible t o  melt  t he  sample, even w i t h  100 mA, 
30,000 V beam currents. I n  addi t ion,  when p lac ing  one spot on the  sample, 
the other spot could not be qeen, and presumably impinged the  s ide of the  
sample, o r  the c o i l .  This uncer ta inty  makes analysis of the  problem more 
d i f f i c u l t .  Another d i f f i c u l t y  appears t o  be re la ted  t o  the  need fo r  a 
prec ise ly  shaped e lec t ron  beam spot. I f  the  spot i s  too  small, d r i l l i n g  o f  
the specimen occurs [Bonnell, 19831; i f  too  large, the  sample w i l l  no t  
melt. Considerable more e f f o r t  i s  required here by GE. 
The new c o i l  provides g o ~ d  hold ing f o r  the current  0.9 cm diameter 
samples. A possible improvement i n  mel t ing a b i l i t y  should be a t ta inab le  
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by us ing even smal ler sanples. Sanples 0.65 cm i n  diameter are reconmended. 
The main requirement seems t o  be t o  inprove the  e lec t ron  beam image 
shape, and t o  eliminate the  ex t ra  spot. This w i  11 probably requ i re  
dismounting the  beam source and ad jus t ing  i t  i n  successive t r i e s .  
Tungsten Heat o f  Fusion 
A se lec t ion  of recovered sanples were sectioned and examined metal 1 o- 
graphical ly .  A1 1 t h s  sectioned sanples showed i n t e r i o r  voids, suggesting 
t h a t  s i  gni f i c a n t  1 i que f i ca t i on  had occurred. However, no sanple showed 
c lea r  regions w i th  no gra in  boundaries. It i s  apparent t h a t  dur ing long 
heat ing i n  the  l e v i t a t i o n  c o i l ,  g ra in  g r w t h  occurs. Figure 3 shows the  
o r i g i n a l  g ra in  s t ructure,  both , ~ f  the  o r i g i n a l  rod stock and a ground 
sphere. Figure 4 shows micrographs o f  a t y p i c a l  run, labeled A [see Bonnell, 
19831. There appear t o  be two d i s t i n c t  regions. The smal ler region w i t h  
f i n e r  g ra in  s t ruc ture  i s  i n  contact w i t h  the  cent ra l  void, and the  region 
(upper r i g h t  i n  f i gu re )  where the  e lec t ron  beam inpinged. The d i f fe rence 
i n  g ra in  s t ruc ture  between t h i s  region and the  rest ,  which shows major 
g ra in  growth, may be evidence f o r  separation of melted versus not melted 
tungsten. However, a more reasonable explanat ion !s the  gra in  growth occurs 
throughout the  heat ing process, and much o f  t he  gra in  s t ruc ture  could be 
due t o  m u l t i p l e  nucleat ion s i t e s  upon reso l i d i f i ca t i on .  The sectioned 
samples a lso suggest t h a t  d i f f e r e n t  pa r t s  o f  t h e  sample could have been 
molten a t  d i f f e r e n t  tfmes. This i s  consistent w i t h  the  d i f f i c u l t y  i n  
mel t ing noted above. 
The sectioned sanples do sucport the  prev iously  assigned extent  o f  
melt ing, but are not conclusive enough t o  inprove those assf gnmects. 
Figure 5 shows a p l o t  o f  the  ava i lab le  mel t ing  tungsten data, f i t t e d  
without cov;traint. The agreement w i t h  JANAF [I 9711 a t  the  sol idus i s  
excel lent .  The disagreement a t  the l i q u i  dus simply represents the previous 
poor s t a t e  o f  data f o r  l i q u i d  tungsten, as has been previously discussed 
[Bonnel 1 , 1983). 
Although the present data are a major improvement over prev iously  
ava i lab le  data, measurements o f  the  completely molten mater ia l  a re  s t i l l  
needed, both f o r  t he  heat o f  fus ion and t o  ob ta in  the  l i q u i d  heat capacity. 
Lev i ta t i on  o f  Tantal usi 
-- 
During the  l a t e s t  tungsten series, a ser ies o f  tantalum samples were 
lev i ta ted .  Tantalum proved easy t o  melt  wiL,l the  e lect ron boam, requ i r i ng  
less than 60 percent (o f  100 mA ava i lab le )  beam cur,rent. The l i q u i d  could 
not be held i n  the c o i l  as was ant ic ipated.  The automatic gate and capture 
system functioned pe r fec t l y ,  and two molten runs were captured. Post run 
acalys i  s, assuming the  observed thermal a r res t  was the me1 ti ng temperature, 
y ie lded a heat of fusion, r e l a t i v e  t o  the  JANAF evaluated so l id ,  o f  less  
than 1 kJ/mol . Even cor rec t ing  t o  the  reported mel t ing  temperature w i t h  
generous e r r o r  estimatra, the observed heat o f  fusion was less than 8 t o  
10 kJ/mol, i n  ser ious disagreement w i t h  36.6 kJ/mol heat o f  fus ion  value 
from the exploding w i re  measurements of Lebedev e t  al., [1971]. Our measure- 
ments y i e l d  an u n r e a l i s t i c a l l y  low value f o r  bS(fus). Other tantalum 
samples i n  the  same ser ies showed the  shape deformation cha rac te r i s t i c  of 
vapori zed s o f t  solder contamination. A number o f  tungsten samples previous 
t o  the tantalum runs were a lso suspected o f  being contaminated. However, 
GE assured us t h a t  no s o f t  so lder  had been used i n  the c o i l  region, and 
sample prepsra t i  on was suspected. With t h e  evidence o f  bad t a n t a l  um runs 
as wel l ,  a very care fu l  examination revealed a t i n y  smear of s o f t  so lder  on 
the  underside o f  a cooli int l i n e  i n  l i n e  o f  s igh t  t o  t he  c o i l ,  a flow which 
had occurred i n i ns ta l  1 i ng a new co i I . 
A l l  ava i lab le  tantalum sanples had been exposed t o  the  s o f t  solder, so 
no more runs were attempt;ed. Tantalum does appear a good candidate f o r  
fu r ther  study w i t h  t h i s  system. 
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Integration gain = 1L.47 
Pyrometer Output, ' (vol t o )  
Fig .  1. Graph of 1 parameter f i t  t o  pyrometer c a l i b r a t i o n  data  w i t h  656 nm 
f i l t e r .  V '  i s  observed voltage for  i n t e g r a t i o n  over t e n  frame times. 
Fig. 2.a. Side view of c o i l ,  wi th inch scale. Note t h a t  the  shape i s  
nearly solenoidal, and t h a t  the top reverse turn  i s  c losely 
spaced. 
Fig.  2.b. Top view, showing throat  diameter, and large upper reverse turn. 
Scale t i c  marks are 1/16th inch. 
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Fig. 3.a. Original grain structure o f  tungsten rod, Scale t i c  marks are 
mi 11 imeters. 
Fig. 3.b. Somewhat enlarged grain structure of  large sphere a f t e r  heating. 
M6ximum temperature less than 3000 K. The f lat tened area a t  
lower l e f t  i s  where t h i s  sphere melted i n t o  the aluminum vacuum 
wall  on ilrpact. 
Fig.  4 .  Grain pattern f o r  typ ica l  drop (run "A") .  The electron beam 
impinged along the long axis of the  sample from upper r i g h t .  
Note void, ( t e a r  drop shaped region). This sanple i s  estimated 
t o  have been 75 percent molten a t  inpact i n  the calorimeter.  
Scale t i c s  are mn. 
ENTHALPY INCREMENT (kJ/M> 
F ig .  5.  P l o t  o f  f i t  t o  tungs ten  drops, showing t h e  agreement w i t h  t h e  
JANAF [ I9721 s e l e c t i o n .  I n  t h e  l i q u i d  r e g i o c ,  t h e  JANAF curve 
has been r a i s e d  18 kJ f r om i t s  es t ima ted  value.  H ( f u s )  determined 
he re  i s  53.0 t 2.3 kJ/mol. 
